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APPEAL BRIEF TRANSMITTAL 
PURSUANT TO 37 CFR § 1.192 



Transmitted herewith in triplicate is the APPELLANT'S SUBSTITUTE APPEAL BRIEF in 
this application with respect to the Official Communication received from The United States 
Patent and Trademark Office on June 8, 2004. 

[X] Also transmitted herewith: 

1^1 Response To Official Communication Dated June 8, 2004. 

£3 Appellant's Substitute Appeal Brief Pursuant to 37 CFR §1.192. 

1^1 Courtesy copies of references cited in Substitute Appeal Brief. 

1X1 Courtesy copy of the Declaration of Dr. Sidney M. Hecht, and a courtesy copy 
of the Supplemental Information Disclosure Statement filed June 17, 2002. 

□ Petition is hereby made under 37 CFR § 1.136(a) (fees: 37 CFR § 1.17(a)(l)-(4) to 
extend the time for response to the Office Action of to and through 

comprising an extension of the shortened statutory period of month(s). 

^ The fee for the Appeal Brief was paid upon filing of the initial Appeal Brief, therefore 
no fee is due at this time. However, if this is deemed to be inaccurate, please charge 
any deficiency or credit any overpayment to Deposit Account No. 23-3050 
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|^| The Commissioner is hereby requested to grant an extension of time for the 
appropriate length of time, should one be necessary, in connection with this filing or 
any future filing submitted to the U.S. Patent and Trademark Office in the above- 
identified application during the pendency of this application. The Commissioner is 
further authorized to charge any fees related to any such extension of time to Deposit 
Account 23-3050. This sheet is provided in duplicate. 

[ | A check in the amount of $ .00 is attached. Please charge any deficiency or 

credit any overpayment to Deposit Account No. 23-3050. 

I | Please charge Deposit Account No. 23-3050 in the amount of $ .00. This sheet 

is attached in duplicate. 

1^1 The Commissioner is hereby requested to grant an extension of time for the 
appropriate length of time, should one be necessary, in connection with this filing or any 
future filing submitted to the U.S. Patent and Trademark Office in the above-identified 
application during the pendency of this application. The Commissioner is further authorized 
to charge any fees related to any such extension of time to deposit account 23-3050. This 
sheet is provided in duplicate. 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: Richard H. Tullis Confirmation No.: 9155 
Serial No.: 08/078,768 Group Art Unit: 1631 

Filing Date: June 16, 1993 Examiner: James Martinell 

For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 



EXPRESS MAIL LABEL NO: US 999287071 US 
DATE OF DEPOSIT: July 8, 2004 

Mail Stop AF 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 



RESPONSE TO OFFICIAL COMMUNICATION DATED JUNE 8, 2004 



In response to the Office communication dated June 8, 2004, reconsideration is 
respectfully requested in view of the amendments and/or remarks as indicated below: 
Amendments to the Specification begin on page of this paper. 



□ 
□ 



Amendments to the Claims are reflected in the listing of the claims which 
begins on page of this paper. 



Amendments to the Drawings begin on page 
an attached replacement sheet. 

Remarks begin on page 2 of this paper. 



of this paper and include 
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REMARKS 

The appeal brief filed April 15, 2004 is alleged to be defective for presentation of 
evidence not previously of record. Appellant notes that reference to U.S. Patent No. 
5,595,078 was a typographical error. Reference to that patent has been removed from the 
accompanying Substitute Appeal Brief. 

Appellant also notes that the following references cited in the Communication mailed 
June 8, 2004 were submitted in response to statements made by the Examiner in the final 
rejection dated December 15, 2003 (see, e.g., Office action dated December 15, 2003 at page 
3) and were cited by Appellant for the Examiner's convenience to ascertain that the 
compounds GENASENSE and VITRAVENE fall within the scope of the present claims on 
appeal: 

Hayes, D.F., "Bcl-2 inhibition in the treatment of cancer: clinical studies with the 
Bcl-2 antisense oligonucleotide G3139", in Beyond Chemotherapy, Emerging Targeted 
Therapies for the Treatment of Cancer, Symposium Proceedings, San Francisco, 
California, May 11, 2001, pages 12-18; 

Webb, et aL, Bcl-2 antisense therapy in patients with non-Hodgkin 5 s lymphoma, The 
LANCET, 1997 Apr 19, 349(9059): 1137-1 141 (1997); 

The Orange Book; 

U.S. Patent No. 4,689,320; 

U.S. Patent No. 5,264,423; 

U.S. Patent No. 5,276,019; 

U.S. Patent No. 5,442,049; and 

U.S. Patent No. 5,595,978. 
As the aforementioned references were not submitted by way of an information disclosure 
statement or by way of a declaration during prosecution of the application, however, 
Appellant has removed reference thereto in the accompanying Substitute Appeal Brief. 

Similarly, Appellant notes that the following references cited in the Communication 
mailed June 8, 2004 were cited during prosecution by Appellant for the Examiner's 
convenience to ascertain, for example, that stabilized oligonucleotides were within the skill of 
those in the art at the time of filing: 
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Harvey et al, Biochemistry, 12(2):208 (1973); and 
Malkievicz et al, Czech. Chem. Comm., 38:2953 (1973). 

See, e.g., Amendment mailed June 17, 2002 at page 7; Declaration of Dr. Stanley T. Crooke 
at page 5. As copies of the aforementioned references were not submitted during prosecution 
of the application, however, Appellant has removed reference thereto in the accompanying 
Substitute Appeal Brief. 

Appellant clarifies by way of the Substitute Appeal Brief the location in the record of 
the following references: 

U.S. Patent No. 3,687,808; 

Fingl and Dixon, Chapter One, "General Principles", In The Pharmacological 
Basis of Therapeutics, 4 th edition, L.S. Goodman and A. Gilman, Eds. 
(1970); 

Mirabelli et al., Anti-Cancer Drug Design, 6:647-661 (1991); 
Crooke, Ann. Rev. Pharmacol. Toxicol., 32:329-376 (1992); 
Cossum, J. Pharm. and Exp. Ther., 267(3): 1 181-1 190 (1993); and 
Stepkowski etal.,J. Immunol, 153:5336-5346 (1994). 

Courtesy copies of the references are submitted with the Substitute Appeal Brief in addition 
to courtesy copies of the Supplemental Information Disclosure Statement filed June 17, 2002 
and Declaration of Dr. Sidney M. Hecht for the Examiner's convenience. 
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Appellant respectfully submits that the Substitute Appeal Brief is in condition for 
consideration by the Examiner and response thereto. If the Examiner believes a telephone 
conference would expedite resolution of the issues on appeal, the undersigned may be 
contacted at 215-568-3100. 



Woodcock Washburn LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone: (215) 568-3100 
Facsimile: (215)568-3439 

Enclosures 

Substitute Appeal Brief 
Courtesy copies of: 

U.S. Patent No. 3,687,808 

Supplemental Information Disclosure Statement filed June 17, 2002 
Declaration of Dr. Sidney M. Hecht 

Fingl and Dixon, Chapter One, "General Principles", In THE PHARMACOLOGICAL 
Basis of Therapeutics, 4 th edition, L.S. Goodman and A. Gilman, Eds. 
(1970) 

Mirabelli et al, Anti-Cancer Drug Design, 6:647-661 (1991) 
Crooke, Ann. Rev. Pharmacol. Toxicol, 32:329-376 (1992) 
Cossum, J. Pharm. and Exp. Ther., 267(3):1181-1190 (1993) 
Stepkowski et al, J. Immunol., 153:5336-5346 (1994) 



Respectfully submitted, 



Date: July 8, 2004 




felicity E. Groth 
Registration No. 47,042 



John W. Caldwell 
Registration No. 28,937 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: Richard H. Tullis Confirmation No.: 9155 
Serial No.: 08/078,768 Group Art Unit: 1631 

Filing Date: June 16, 1993 Examiner: James Martinell 

For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 



EXPRESS MAIL LABEL NO.: EL 999287071 US 
DATE OF DEPOSIT: July 8, 2004 



Mail Stop AF 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 



APPELLANT'S SUBSTITUTE APPEAL BRIEF 
PURSUANT TO 37 C.F.R. § 1.192 

This substitute brief is being filed in response to the Communication dated June 8, 
2004 and in support of Appellant's appeal from the rejections of claims 64-76 and 78-83 
dated December 15, 2003. A Notice of Appeal and Request for Oral Hearing were filed April 
15,2004. 



1. REAL PARTY IN INTEREST 

Based on information supplied by Appellant and to the best of the undersigned's 
knowledge, the real party in interest in the above-identified patent application is ISIS 
Pharmaceuticals, Inc., a corporation of Delaware, which is thecurrent assignee. 



2. RELATED APPEALS AND INTERFERENCES 
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There are no other appeals or interferences known to Appellant, Appellant's legal 
representative, or the assignee that will directly affect or be directly affected by or have a 
bearing on the Board f s decision in the pending Appeal. 

3. STATUS OF CLAIMS 

Claims 64-76 and 78-83 are pending in this patent application and are the subject of 
this Appeal. Claims 64-76 and 78-83 appear in Appendix A. The claims do not stand or fall 
together. 

4. STATUS OF AMENDMENTS 

No amendments to the claims were made in response to the Final Office Action dated 
September 10, 2002, the finality of which was withdrawn pursuant to 37 C.F.R. § 1.129. In 
response to the nonfinal Office Action dated June 17, 2003, Appellant filed a Reply pursuant 
to 37 C.F.R. § 1.111 wherein claim 75 was amended to delete the phrase "at a temperature 
between 0°C and 80°C" and claim 77 was canceled. The Final Office Action dated December 
15, 2003 does not reflect entry of these claim amendments. Appellant is entitled to entry and 
consideration of the claim amendments pursuant to 37 C.F.R. § 1.129, and they are reflected 
in the presentation of claims in Appendix A. No amendments to the claims have been made 
subsequent to the Final Office Action dated December 15, 2003. Accordingly, claims 64-76 
and 78-83 as amended in the response to the Office Action dated June 17, 2003 are involved 
in the present Appeal. 

5. SUMMARY OF INVENTION 

Appellant's invention relates to the use of oligonucleotides to specifically inhibit the 
expression of a target protein in a cell. The invention defined by the pending claims is the 
product of the surprising discovery made by the Appellant more than twenty years ago that 
oligonucleotides may be used to regulate protein synthesis in cells via hybridization to 
nucleic acids. Appellant's discovery provides for the systematic design and use of 
oligonucleotide agents to specifically block the translation of a target nucleic acid. 

In seeking patent protection for his discovery, Appellant presents independent claims 
64, 73, 75, 78, and 80. The invention, as recited in independent claim 64, relates to methods 
for selectively inhibiting the expression of a target protein in a cell producing messenger 
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ribonucleic acids encoding both the target protein and other proteins without inhibiting the 
expression of other proteins. This can be accomplished by synthesizing an oligonucleotide 
having a base sequence substantially complementary to a subsequence of a messenger 
ribonucleic acid encoding the target protein. The oligonucleotide is introduced into the cell 
where hybridization of the oligonucleotide to the subsequence of the messenger ribonucleic 
acid occurs to inhibit the expression of the target protein. 

Independent claim 73 also recites methods for selectively inhibiting the expression of 
a target protein in a cell producing messenger ribonucleic acids encoding the target protein 
and other proteins without inhibiting the expression of the other proteins. According to the 
method of claim 73, one selects a synthetic oligonucleotide that has enhanced resistance 
against nuclease enzymes and a base sequence substantially complementary to a subsequence 
of a messenger ribonucleic acid of the cell encoding the target protein. The synthetic 
oligonucleotide is introduced into the cell and caused to hybridize with the messenger 
ribonucleic acid to inhibit the expression of the target protein. 

The invention, as defined by claim 75, includes within its scope methods for selective 
inhibition of the expression of a target protein in a cell producing messenger ribonucleic acids 
encoding the target protein without inhibiting the expression of the other proteins. One 
selects a synthetic oligonucleotide having enhanced resistance against nuclease enzymes and 
a base sequence substantially complementary to a subsequence of a messenger ribonucleic 
acid of the cell encoding the target protein. The synthetic oligonucleotide is introduced into 
the cell where it hybridizes to the subsequence of messenger ribonucleic acid. 

Claim 78 is directed to methods of selectively inhibiting the expression of a target 
protein in a cell producing messenger ribonucleic acid encoding the target protein by 
selecting a base sequence substantially complementary to the messenger ribonucleic acid of 
the cell encoding the target protein, providing a synthetic oligonucleotide that is stabilized 
against in vivo degradative enzymes and having the selected base sequence, and introducing 
the synthetic oligonucleotide into the cell to hybridize to the subsequence of the messenger 
ribonucleic acid. 

As defined by claim 80, Appellant's invention includes methods for selectively 
inhibiting the expression of a target protein in a cell producing messenger ribonucleic acids 
encoding the target protein by selecting a plurality of base sequences that are complementary 
to the messenger ribonucleic acid, providing a synthetic oligonucleotide corresponding to 
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each of the base sequences, selecting a preferred synthetic oligonucleotide for inhibition of 
the target protein in a cell, and using the selected oligonucleotide to inhibit the target protein 
in cells. 

Appellant's discovery has enabled the development of an array of therapeutic agents 
that address many previously unmet medical needs. 

6. ISSUES 

A. Whether or not the Examiner's factually unsupported surmise and speculation 
is adequate to refute the abundant evidence of record demonstrating that the specification and 
claims as originally filed enable a person of skill in the art to which the invention pertains to 
make and use the invention commensurate in scope with claims 64-76 and 78-83 without 
engaging in undue experimentation. 

B. As to claim 71 alone, whether or not the Examiner has refuted the evidence of 
record demonstrating that claim 71 is patentably distinct over claim 1 of U.S. Patent No. 
5,023,243. 

7. GROUPING OF CLAIMS 

Claims 64-70, 72, 80, 82, and 83 stand or fall together on appeal of issue A. Claims 
71, 73-76, 78, 79, and 81 stand or fall together on appeal of issue A. Claims 64-70, 72, 82, 
and 83 do not stand or fall together on appeal of issue A with claims 71, 73-76, 78, 79, and 81 
for the reasons set forth below. 

Issue B applies only to claim 71. 

8. ARGUMENT 

A. The specification and claims as originally filed enable a person of skill 
in the art to which the invention pertains to make and use the 
invention without engaging in undue experimentation. 

The rejection of claims 64-76 and 78-83 under 35 U.S.C. § 112, first paragraph for 
alleged lack of enablement is grounded in the Examiner's position that Appellant is required 
to have expressly taught known forms of stabilized oligonucleotides available at the time of 
filing in order to enable stabilized oligonucleotides other than phosphotriesters and to have 
successfully demonstrated inhibition of expression of a target protein using an antisense 
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oligonucleotide in vivo. Appellant respectfully disagrees with the Examiner's position. As of 
the priority date, one of ordinary skill in the art was aware of the existence of stabilized forms 
of oligonucleotides in addition to phosphotriesters and would have been guided by the 
disclosure of the application to the other stabilized oligonucleotides that are suitable, along 
with phosphotriester oligonucleotides, for in vivo use according to the claimed invention. 
Nothing more than routine experimentation was involved in determining which forms of 
stabilized oligonucleotides would have worked in the invention. Additionally, unmodified 
and modified oligonucleotides as used in the present invention are taken up by cells, are 
sufficiently stable to exert biological activity, and specifically hybridize to the target mRNA, 
as demonstrated in the examples provided in the specification. The cell culture models 
exemplified in the specification correlate to in vivo biological activity of the stabilized 
oligonucleotides, as substantiated by pre- and post-filing references. In short, the rejection of 
claims 64-76 and 78-83 under 35 U.S.C. § 1 12, first paragraph for alleged lack of enablement 
should be withdrawn because the evidence of record indicates that those skilled in the art as 
of October 23, 1981 having the benefit of Appellant's disclosure would have been able to 
practice the claimed invention without undue experimentation. 

Preliminarily, Appellant respectfully asserts that claims 71, 73-76, 78, 79, and 81 are 
separately patentable from claims 64-70, 72, 80, 82, and 83 within the meaning of 37 C.F.R. 
§ 1.192(c)(7). Claims 64-70, 72, 80, 82, and 83 are directed to methods of selectively 
inhibiting the expression of a target protein in a cell producing messenger ribonucleic acids. 
This is done by hybridizing a synthetic oligonucleotide having a nucleotide sequence 
substantially complementary to the subsequence of the messenger ribonucleic acid encoding 
the target protein to the subsequence of the messenger ribonucleic acid to specifically inhibit 
expression of the target protein. Claims 71, 73-76, 78, 79, and 81 recite methods for 
selectively inhibiting the expression of a target protein in a cell producing messenger 
ribonucleic acids. Expression of the target protein is inhibited by a synthetic oligonucleotide 
having a base sequence substantially complementary to a subsequence of the messenger 
ribonucleic acid wherein the synthetic oligonucleotide is stabilized to inhibit degradation by 
nucleases (claims 71, 78, 79, and 81) or has enhanced resistance against nuclease enzymes 
(claims 73-76). 

Because claims 64-70, 72, 80, 82, and 83 do not require enhanced resistance to 
degradative enzymes or stabilization, in contrast to claims 71, 73-76, 78, 79, and 81, the 
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enablement rejection of claims 64-76 and 78-83 based upon an asserted "problem with uptake 
and stability of unmodified oligonucleotides" (Office Action mailed June 17, 2003, page 10) 
is limited to claims 64-70, 72, 80, 82, and 83. Therefore, claims 71, 73-76, 78, 79, and 81 are 
separately patentable from claims 64-70, 72, 80, 82, and 83. 

The enablement requirement of 35 U.S.C. § 112, first paragraph, mandates that the 
specification teach those skilled in the art how to make and use the claimed invention without 
undue experimentation. In re Wands, 858 F.2d 731, 736-737, 8 U.S.P.Q.2d 1400, 1404 (Fed. 
Cir. 1988) (citing Minerals Separation, Ltd, v. Hyde, 242 U.S. 261, 270 (1916)). The test of 
enablement is not whether any experimentation is necessary, but whether, if experimentation 
is necessary, it is undue. In re Angstadt, 537 F.2d 498, 504, 190 U.S.P.Q. 214, 219 (C.C.P.A. 
1976). The fact that experimentation may be complex does not necessarily make it undue, if 
the art typically engages in such experimentation. Wands, 858 F.2d at 737, 8 U.S.P.Q.2d at 
1404. 

The factors to be considered in determining whether any necessary experimentation is 
undue include: 

i. the breadth of the claims; 

ii. the nature of the invention; 

iii. the state of the prior art; 

iv. the level of one of ordinary skill; 

v. the level of predictability in the art; 

vi. the amount of direction provided by the inventor; 

vii. the existence of working examples; and 

viii. the quantity of experimentation needed to make or use the invention 
based on the content of the disclosure. 

Id. (citing In re Forman, 230 U.S.P.Q. 546, 547 (Bd. Pat. App. & Int. 1986)). In order to 
make a rejection, the examiner has the burden to establish a reasonable basis to question the 
enablement provided for the claimed invention. In re Wright, 999 F.2d 1557, 1561-62, 27 
U.S.P.Q.2d 1510, 1513 (Fed. Cir. 1993). Assuming that sufficient reason for such doubt 
exists, a rejection for failure to teach how to make and/or use will be proper on that basis. In 
reMarzocchi, 439 F.2d 220, 223-24, 169 U.S.P.Q. 367, 370 (C.C.P.A. 1971). The burden 
then shifts to the Appellant to provide persuasive arguments, supported by suitable proofs 
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where necessary, that one skilled in the art would be able to make and use the claimed 
invention using the application as a guide. In re Brandstadter, 484 F.2d 1395, 1407, 179 
U.S.P.Q. 286, 294 (C.C.P.A. 1973). 

The record demonstrates that, as of the time of filing, one of ordinary skill in the art 
would have been able to make and use the claimed invention using the application as a guide. 
No undue experimentation was required. Consideration of the Wands factors compels a 
finding of enablement: (1) the breadth of the solicited claims reasonably correlates to the 
enabled examples using phosphotriester oligonucleotides; (2) numerous modified 
oligonucleotides were known to one of skill in the art at the time of filing; (3) one of skill in 
the art of molecular biology in 1981 was highly sophisticated; (4) the specification as fled 
provided ample guidance, including examples, to one of skill in the art at the time of filing as 
to how to make and use the invention, which is all that is required for enablement; and (5) 
nothing more than routine experimentation was required to determine which modified 
oligonucleotides are most effective in the methods of the invention. Indeed, the record is 
replete with evidence - facts - underscoring the enablement of the present claims. The 
Examiner has met these facts only with surmise and skepticism. 

It has been asserted that the present invention would not work in vivo using double- 
stranded oligonucleotides. (Office Action of June 17, 2003, page 3.) However, there has 
been no evidence adduced whatsoever for the assertion that a double-stranded 
oligonucleotide would not work in the claimed methods. This is an immutable requirement 
for maintenance of the rejection for alleged lack of enablement. The Examiner has merely 
stated that the term "hybridization" refers to the formation of a double-stranded nucleic acid 
by annealing of two single-stranded molecules and that the instant application does not 
disclose the formation of triplex DNA. (Office Action mailed June 17, 2003, page 3.) 
Appellant has not limited his invention to single-stranded oligonucleotides. Appellant asserts 
that double-stranded oligonucleotides work in the claimed methods, as supported, for 
example, by Mercola and Cohen (Cancer Gene Therapy, 2(l):47-59, 48-49 (1995)). 
Disclosure of the mechanism by which double-stranded oligonucleotides work in the 
invention is not required for enablement. Appellant need only have taught how to make and 
use the invention without undue experimentation. This Appellant has done. 
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1. Enablement does not require that Appellant expressly teach known 
forms of stabilized oligonucleotide available at the time of filing in 
order to enable stabilized oligonucleotides other than phosphotriesters. 

The Examiner maintains that Appellant must have taught forms of stabilized 
oligonucleotides other than phosphotriesters to have enabled claims 71, 73-76, 78, 79, and 81, 
the claims requiring stabilization. Appellant disagrees. 

Section 112 requires the specification to be enabling only to persons "skilled in the art 
to which it pertains, or with which it is most nearly connected." DeGeorge v. Bernier, 768 
F.2d 1318, 1323, 226 U.S.P.Q. 758 (Fed. Cir. 1985). Thus, a patent need not teach, and 
preferably omits, what is known in the art. In re Buchner, 929 F.2d 660, 661, 18 U.S.P.Q.2d 
1331, 1332 (Fed. Cir. 1991); Paperless Accounting, Inc. v. Bay Area Rapid Transit System, 
804, F.2d 859, 864, 231 U.S.P.Q. 649 (Fed. Cir. 1986) ("A patent applicant need not include 
in the specification that which is already known to and available to the public."); Hybritech 
Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384, 231 U.S.P.Q. 81, 94 (Fed. Cir. 
1986). It has long been the law that a person skilled in the art is deemed to possess not only 
basic knowledge of the particular art, but also "the knowledge of where to search out 
information" for section 112 purposes. In re Howarth, 654 F.2d 103, 105, 210 U.S.P.Q. 689 
(C.C.P.A. 1981). 

Nowhere in the specification are the methods of the invention limited to 
phosphotriester-stabilized oligonucleotides. In fact, throughout the entirety of the 
specification, it is clearly stated that phosphotriester oligonucleotides are simply one 
representative example of the stabilized oligonucleotides that may be used in the methods of 
the invention. For example, the specification states at page 3, "[i]n a presently preferred 
embodiment of the invention, by way of example and not necessarily by way of limitation, a 
stabilized oligonucleotide, preferably in a phosphotriester form, is provided ..." and at page 
4, "[t]he preferred oligonucleotide ... for increased stability, may be transformed to a more 
stable form, such as a phosphotriester form, to inhibit degradation during use." The 
application again states at page 5 that the oligonucleotide "can be transformed to a more 
stable form, such as a phosphotriester form, to inhibit degradation. . . ." Given the language 
of the specification including "such as," "preferred," and variations thereof, one of ordinary 
skill in the art readily understands that other forms of stabilized oligonucleotides were 
contemplated and equally useful in the methods of the invention. 
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That other forms of stabilized oligonucleotides were known in the art at the time of 
filing has been firmly established by the declarations of eminent scientists in the field, 
including Dr. Jerry L. Ruth (August 29, 1994 Declaration, Part 5A; April 14, 1995 
Declaration, Part A), Dr. Dennis E. Schwartz (August 19, 1994 Declaration, Part 5 A; April 
14, 1995 Declaration Part A), and Dr. Stanley T. Crooke (Part 5). It is a fact tkt stabilized 
oligonucleotides suitable for use in the invention were known and were available to those of 
ordinary skill in the art in 1981. There is no countervailing evidence of record, none 
whatsoever. 

References of record in this application also support this fact. For example, U.S. 
Patent No. 3,687,808 to Merigane* al. describes stabilized phosphorothioate oligonucleotides 
available as early as 1972 (submitted by way of supplemental information disclosure 
statement filed June 17, 2002, a courtesy copy of which is submitted herewith). Miller et al 
{Biochemistry, 13(24): 4887-4906 (1974) ("Miller 1974")) describe the stabilized 
alkylphosphotriester DNA analogs described in the application. Matzura and Eckstein {Eur. 
J. Biochem., 3: 448-452 (1968)) describe the nuclease resistance of phosphorothioate 
oligonucleotides. Agarwal and Riftina {Nuc. Acids Res., 6:9, 3009-3024 (1979)) show the 
synthesis of oligonucleotides containing methyl and phenylphosphonate linkages. DeClercq 
et al {Virology, 42:421-428 (1970)) set forth the resistance of thiophosphatehsubstituted 
oligonucleotides to degradative enzymes. Miller al {Biochem., 20(7): 1874-1880 (1981)) 
report a stabilized alkyl phosphonate DNA analog having activity in vitro. Holy ("Synthesis 
and Biological Activity of Some Analogues of Nucleic Acids Components," in PHOSPHORUS 
Chemistry Directed Towards Biology, WJ. Stec, Ed., Pergamon Press, 53-64, 1980) 
describes modified nucleotide analogs having hydroxyl-containing aliphatic chains that are 
stable in vivo and display inhibitory and substrate activities. 

Not only would one having ordinary skill in the art have readily understood that 
stabilized forms of oligonucleotides in addition to phosphotriesters were contemplated by the 
invention, but an artisan of ordinary skill also would have known of a number of available 
stabilized oligonucleotide forms as of the filing date. A routine literature search by an 
ordinarily skilled artisan at the time of the invention would have yielded a number of 
available stabilized oligonucleotides suitable for use in the invention, a sampling of which 
have been provided on the present record. (Crooke Declaration, Parts 3 and 5; April 14, 1995 
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Declaration of Dr. Schwartz, page 4; April 14, 1995 Declaration of Dr. Rulh, page 4.) As 
Appellant is not required to teach what is known in the art, his burden has been met. 

The enablement requirement does not mandate that the Appellant have presented 
experiments with each of the available forms of stabilized oligonucleotides to demonstrate 
that they actually work in the invention. Rather, enablement requires only that Appellant 
have taught how to determine which stabilized oligonucleotides work in the invention 
without undue experimentation. Appellant has satisfied this burden by providing 
representative examples demonstrating his invention. One having ordinary skill in the art 
need only have substituted for the phosphotriester oligonucleotides of Appellant's examples 
other known forms of stabilized oligonucleotides to determine their efficacy in the invention. 
This would not have required undue experimentation on the part of an artisan of ordinary 
skill. 

2. History has proven the naysayers of in vivo antisense technology to be 
incorrect; the present invention was complete and fully enabled in 
1981. 

The Examiner maintains that the methods of claim 64-76 and 78-83 would not work 
in vivo due to lack of cellular uptake, instability, and unpredictability of hybridization to the 
target mRNA. The Examiner has placed much reliance on the Gura (Science, 270: 575-577 
(1995)), Rojanasakul (Adv. Drug Delivery Revs., 18: 115-131 (1996)), and Hijiya (PNAS 
USA, 91:4499-4503 (1994)) articles allegedly to show that the present invention is not 
enabled for in vivo use. Appellant asserts that it is improper to base a conclusion of 
nonenablement upon these few references in view of their actual lack of significance and the 
numerous other references cited throughout the prosecution of the present application that 
contradict their allegations. The Declaration of Dr. Sidney M. Hecht, a premiere authority in 
the field of gene expression, supports this assertion. 

Dr. Hecht first notes that any concerns raised by the Gura, Rojanasakul, and Hijiya 
references are directed to the clinical safety of in vivo use of antisense technology rather than 
at the efficacy of in vivo antisense methodologies. For example, Rojanasakul at page 118 
queries "Can antisense work in living systems?" and responds by stating that while "there are 
studies which indicate the relative safety of antisense [oligonucleotides] in vivo . . . non- 
specific side effects of [antisense oligonucleotides] have also been reported in mice." 
Rojanasakul goes on to say that these safety concerns "do not diminish the potential use of 
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[antisense oligonucleotides] in vivo, and there are few examples of successful in vivo 
treatment in the absence of specialized delivery systems." (Id.) Rojanasakul continues, 
stating that "[considering the various obstacles that the antisense [oligonucleotides] must 
encounter prior to their action . . . the desired activity of [antisense oligonucleotides] is 
observed" (Id. (emphasis added)). Thus, Rojanasakul actually supports enablement of 
claims 

Likewise, Dr. Hecht notes that Gura avers that "some experts in the field . . . argue 
that clinical trials have begun far too soon." (Gura at 575.) Dr. Hecht explains that such 
concerns regarding the clinical safety of antisense oligonucleotides were elicited by the side 
effects detected in some animal studies. For example, Gura describes one set of experiments 
in which lethality in monkeys administered a one-time, high-dose injection occurred as well 
as another set of experiments in which a transient decrease in two kinds of white blood cells 
and changes in heart rate and blood pressure resulted from the high dose administered. (Mat 
576.) 

Similarly, the assertion that Hijiya characterizes the field of antisense as being "in its 
scientific infancy" is misplaced, according to Dr. Hecht. Hijiya makes clear that the 
unmodified and phosphorothioate-modified antisense oligonucleotides worked therein: "The 
experiments reported herein serve as a paradigm of [oligodeoxynucleotide]-based 
therapeutics for human malignancies." (Hijiya at 4503.) Hijiya reasons that, dthough MYB 
is an effective gene target of antisense oligonucleotides in human melanoma, "further 
development of the antisense strategy will be needed before the successful application of this 
technique in the clinic can be anticipated." (Id. (emphasis added).) Appellant likewise 
asserts that the Mercola reference describes several "signpost" studies in which a reduction in 
target protein was observed upon in vivo administration of antisense phosphorothioate- 
modified oligonucleotides complementary to the target genes in accordance with the 
presently claimed methods. (Mercola at 54-55.) 

A demonstration of F.D.A. acceptable clinical safety is not required by the first 
paragraph of 35 U.S.C. § 1 12. Enablement does not require that the claimed invention saisfy 
the higher safety standards applied to drugs to be used in clinical trials. According to MPEP 
§ 2107.03, "Office personnel should not impose on applicants the unnecessary burden of 
providing evidence from human clinical trials.... [I]t is improper for office personnel to 
request evidence. ..regarding the degree of effectiveness [in humans] (underlining in 
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original)." Enablement requires only that the application teach how to make and use the 
invention without undue experimentation. This requirement has been met: one having 
ordinary skill in the art would be able to make and use the invention without undue 
experimentation using only the application as a guide. 

Moreover, no drug is free of toxic effects. Fingl and Dixon (Chapter One, "General 
Principles", In THE PHARMACOLOGICAL BASIS OF THERAPEUTICS, 4 th edition, L.S. Goodman 
and A. Gilman, Eds. (1970), courtesy copy enclosed, a copy of which is of record as Exhibit 
2 to the Declaration of Dr. Sidney M. Hecht). This fact has been known for many years, s 
substantiated by Dr. Hecht, and is as true today as it was when first presented in this 
textbook. For some authors to question the clinical safety of a new drug paradigm is not 
surprising. If raising such questions were to bar patentability of new drugs, there would be 
no new drugs. Accordingly, some toxic effects of antisense therapeutics are to be expected. 
Some expected toxic effects, however, are not an indication that antisense therapeutics do not 
work in vivo. 

Indeed, Dr. Hecht attests that any concerns voiced by Gura, Rojanasakul, and Hijiya 
regarding the use of antisense technology in vivo have been proven to be wrong. The 
successes achieved in the field of antisense technology have been witnessed, thereby ratifying 
the views of proponents of antisense at the time of the invention and silencing, indeed 
converting, many critics to what is clearly the correct view: antisense works in vivo as taught 
by the present application. 

A number of articles that corroborate the in vivo success of antisense technology have 
been cited during prosecution of the present application. For example, Mirabelli al. (Anti- 
Cancer Drug Design, 6:647-661 (1991), courtesy copy enclosed, a copy of which is of record 
as Exhibit 3 to the Declaration of Dr. Sidney M. Hecht) notes that antisense oligonucleotides 
have demonstrated activities against a broad array of targets, that "the therapeutic indexes of 
phosphorothioate oligonucleotides appear to be quite high," and that "certain 
phosphorothioates ... are extremely well tolerated in animals." (Mirabelli at 651.) Mirabelli 
also provides evidence of successful in vivo trials of antisense oligonucleotides. (See, e.g., 
Mirabelli at 653.) 

Crooke (Ann. Rev. Pharmacol. Toxicol, 32:329-376 (1992) ("Crooke 1992"), 
courtesy copy enclosed, a copy of which is of record as Exhibit 4 to the Declaration of Dr. 
Sidney M. Hecht) corroborates the in vivo stability of antisense oligonucleotides, noting that 
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nuclease activity of sera derived from different species varies, with human being the least 
active. {See, e.g., Crooke 1992 at 337). Additionally, modified oligonucleotides enter cells 
at pharmacologically relevant concentrations. {Id. at 338-339.) In vivo pharmacokinetic 
studies reveal that antisense oligonucleotides are rapidly and broadly distributed following 
administration in mice, rabbits, and rats. {Id. at 342-343.) Toxicity studies reveal that 
phosphorothioate oligonucleotides, for example, have high therapeutic indices and exhibit 
toxicity only at concentrations far in excess of concentrations at which therapeutic activity is 
observed. {Id. at 344; 346-347.) Indeed, Dr. Crooke has attested to these facts on the present 
record. (Crooke Declaration, Parts 6b and 6c). 

Further confirmation of the enablement of Appellant's invention is found in Cossum 
{J. Pharm. and Exp. Ther., 267(3):1 181-1 190 (1993), courtesy copy enclosed, a copy of 
which is of record as Exhibit 5 to the Declaration of Dr. Sidney M. Hecht). That reference 
describes several in vivo studies in which phosphorothioate oligonucleotides were shown to 
be widely distributed following in vivo administration in nothing more than phosphate buffer 
at physiologic pH. {See, e.g., Cossum at 1181-1182, 1186.) Additionally, Cossum 
acknowledges that the dosages at which non-antisense effects occur are significantly greater 
than those at which antisense effects are observed, (fd. at 1181.) 

Stepkowski et al. {J. Immunol., 153:5336-5346 (1994), courtesy copy enclosed, a 
copy of which is of record as Exhibit 6 to the Declaration of Dr. Sidney M. Hecht) 
demonstrates specific inhibition of intercellular adhesion molecule- 1 (ICAM-1) expression 
by antisense molecule IP-3082, thereby promoting heart allograft survival. (Stepkowski et al. 
at 5338.) Extension of in vitro studies to in vivo analyses confirmed the correlation between 
the efficacy of antisense technology in a Petri dish and in a living organism. 

Appellant submits that, not only has the Examiner failed to consider references which 
run contrary to the few references upon which he relies to assert a lack of enablement, but the 
Examiner also is relying upon statements that have been proven false. Courts have long and 
uniformly held that the making of an invention in the face of skepticism by the scientific 
community is a hallmark of nonobviousness. Graham v. John Deere Co., 383 U.S. 1, 17-18 
(1966). Were the Examiner's views on the topic of enablement to prevail, the same 
skepticism which provides a powerful indication of nonobviousness would simultaneously 
eviscerate patentability under the enablement standard. This cannot be the law. 
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It is the Examiner's position that the time lapse between publication of the present 
application in 1983 and publication of results of success by skilled artisans in an active area 
of research weighs heavily against enablement of claims 64-76 and 78-83. The time lapse 
between the effective filing date of the present application and the numerous references cited 
in support of enablement of claims 64-76 and 78-83, however, has no bearing on the claim 
that the instant application provides sufficient guidance to one of skill in the art to practice 
the claimed invention as early as the effective filing date of the instant application. As Dr. 
Hecht attests, had the pharmaceutical industry in 1981 immediately applied its existing 
knowledge of medicinal chemistry and pharmacology to the teachings of Appellant, it would 
have practiced the present invention. Various factors contributed to the lag, not the least of 
which included establishment, within an organization, of an internal "champion" for a new 
technology paradigm where the champion is willing to sponsor and defend reallocation of 
resources from existing programs to a new program. Additionally, once acceptance of the 
new paradigm is made, established pharmaceutical practice requires pharmacologists to 
perform substantial and numerous pre-clinical studies to determine the toxicological profile, 
pharmacokinetics, and pharmacodynamics of any potential drug. Thus, according to Dr. 
Hecht, it is not unexpected that the generation and reporting of pre-clinical and clinical 
studies by the pharmaceutical industry related to the efficacy of a potential drug does not 
immediately follow the publication of the first few positive in vitro results. 

It has been observed by Fingl and Dixon that "[n]o drug is free of toxic effects." The 
authors further state, however, that "adverse effects do not arise solely because of the 
inherent toxicity of drugs and the limitations of the methods for early detection of this 
toxicity. Many of the adverse effects could be avoided if drugs were used more carefully and 
more wisely" {Id. at 26 (emphasis added).) Further, "[t]he development and evaluation of 
new drugs in the United States is rigidly controlled by federal regulation administered by the 
Food and Drug Administration. A new drug may not be marketed for general clinical use 
until it has been subjected to thorough clinical pharmacological studies and until 'substantial 
evidence' of its efficacy and safety have been obtained from adequate, well-controlled 
clinical trials conducted by qualified investigators." (Id. at 29.) 

Since both positive and negative results must be included in data packages submitted 
to regulatory agencies, pre-clinical and clinical trials are not performed haphazardly with 
selective omission of negative results. In other words, slapdash animal studies are not 
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performed for potential human therapeutic applications because all data collected is subjected 
to FDA scrutiny. Accordingly, every study is implemented pursuant to highly rigorous 
standards and carefully planned conditions. Animal tests suitable to regulatory agency 
submission require established animal colonies and adequate animal care facilities with 
appropriate veterinary oversight, the development of which is expensive and time-consuming. 
Accordingly, careful animal experiments do not yield large volumes of publications that 
appear in the literature quickly. They require systematic studies that may take years to 
accomplish. In other words, a significant delay in the reporting of preclinical or clinical 
results is entirely routine in the field of drug discovery and development. 

Dr. Hecht also affirms that the numerous clinical investigations conducted on in vivo 
antisense methodologies underscore the belief of pharmaceutical companies and, hence, the 
skilled scientists that comprise them, in the efficacy of antisense technology in vivo as 
detailed by the present application. "Big" pharmaceutical companies became interested in 
antisense technology after the small pioneer companies confirmed its validity. For example, 
pioneer companies Hybridon Inc. and Isis Pharmaceuticals, Inc. were incorporated in 1989 
for the purpose of developing antisense therapeutics. Gilead Sciences, Inc. formed in 1987 
for the same purpose. Genta Inc. was established as a spin-off of Gen-Probe in 1988 with a 
business objective of developing antisense therapies initiated in Gen-Probe's diagnostic 
antisense studies. In the mid- and late 1990s, newcomers MethylGene Inc., Inex 
Pharmaceuticals Corp., and NeoPharma, to name only a few, joined the early-stage 
companies in exploiting the therapeutic aspects of antisense technology. 

In contrast, as explained by Dr. Hecht, while contributing early-published papers 
regarding in vitro related research topics, individual academic researchers, who contribute 
much of the scientific literature, did not exploit and publish in vivo antisense technology. 
The reasons for this are varied. The exorbitant costs of animal studies, resulting from the 
necessity of numerous controls as well as the stringent regulations imposed by academic 
institutions and regulatory agencies, preclude most academic researchers from pursuing such 
studies absent industrial sponsorship. Additionally, the experiments conducted by most 
academicians are limited in scope by narrow, well-delineated areas of research interest. 
Accordingly, academic researchers do not perform isolated experiments that have no bearing 
on that research interest. Rather, academics are selective in choosing the focus of their 
experiments, limiting their experimental objectives to the particular area of research that fits 
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into the grand scheme of the research to which their careers are dedicated, for which they 
have received institutional approval to study, and for which they have been granted funding. 

Dr. Hecht summarizes that antisense technology was developed by small, early stage 
companies having limited resources. In view of the need of such companies to conserve their 
limited resources and the knowledge of such companies that a single poorly planned trial 
yielding a negative outcome could devastate an entire business venture, the pioneer 
companies in the antisense field had every incentive to perform animal trials carefully and 
systematically. They conducted animal trials in a highly methodical manner and at 
timepoints dictated by scientific and business judgment to advance to that phase in the 
process of moving their drug candidates toward IND status. Pharmaceutical companies, 
including Isis Pharmaceuticals, Genta Inc., and Hybridon Inc. and their present or past large 
pharma partners including Novartis, Lilly, Abbott, Merck, Aventis, Amgen, Roche, and 
Boehringer Ingelheim, have invested huge amounts of time and money to verify the efficacy 
of antisense drugs in an effort to propel them through clinical phases and into the market. 
Given the enormous costs associated with drug development and marketing, pharmaceutical 
companies would not have invested so heavily in the development of antisense technologies 
if they believed antisense molecules would not work in vivo. 

Indeed, clinical trials of antisense therapies have definitively established that 
antisense technology does work in vivo in accordance with the principles and guidance set 
forth in the present application. For example, the antisense drug fomivirsen (Vitravene™; 
Isis Pharmaceuticals, assignee of the present application) was approved by the FDA for the 
treatment of cytomegaloviral-induced retinitis in 1998. The patents covering fomivirsen 
(which may be found at http://www.fda.gov/cder/ob/default.htm) relate to compositions and 
methods for inhibiting propagation of a virus by employing an oligonucleotide hybridizable 
to a mRNA of the virus. In particular, one of the patents covering fomivirsen claims methods 
for treating cytomegaloviral (CMV) retinitis by administering an oligonucleotide 
complementary to CMV mRNA to the subject requiring treatment. In practice, 
administration of the 21-mer oligonucleotide directed to the major immediate-early 
transcriptional unit of CMV is accomplished simply by contacting cells with the 
oligonucleotide in a pharmaceutically acceptable carrier or diluent such as saline. The FDA- 
approved mode of administration of fomivirsen for treatment of CMV is intravitreal injection, 
though any method that would place the relevant cells in contact with the antisense 
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oligonucleotide would work. In short, fomivirsen works in vivo'm accordance with principles 
of the presently claimed methods. 

The Investigational New Drug Application (IND) for fomivirsen was filed with the 
FDA in 1993, three years prior to publication of the Rojanasakul reference. Pre-clinical data 
was included as part of the IND. Thus, prior to the publication of the opinions of skeptics 
now relied upon by the Examiner, those skilled in the art already had obtained and submitted 
in vivo data to the FDA, data supporting results contravening that opined by the skeptics. 
Thus, prior to publication of the negative opinions of skeptics, those skilled in the art had 
accomplished that which the skeptics opined would not work. In other words, those of skill 
in the art already were gathering in vivo data in support of their IND well before the 
publication of the opinions of antisense skeptics relied on by the Examiner. 

The mere fact that a few naysayers have predicted that methods such as those claimed 
would not work is of no relevance to the enablement of the instant claims because there is 
undisputed evidence on the present record that such predictions were incorrect. Some level 
of skepticism as to advances in science and technology has always been raised, and probably 
always will. In fact, the magnitude of such skepticism is arguably proportional to the 
magnitude of the advance. In the final analysis, it is not relevant whether skeptics exist but, 
rather, whether they were right. 

Here, the evidence of record clearly demonstrates that the skeptics that the Examiner 
has identified were not right. The invention as set forth in the application and as presently 
claimed has been proven to work in the years following the effective filing date of the present 
application. Indeed, clinical trials of antisense therapies have established that antisense 
technology does work in accordance with the principles and guidance set forth in the present 
application, thereby dispelling the criticism of antisense skeptics including Gura and 
Rojanasakul. 

In short, no further disclosure other than that made by Appellant in 1981 was 
necessary for those skilled in the art to practice the inventions as presently claimed without 
undue experimentation. This is the hallmark of enablement, and in no way is rebutted by the 
mere fact that there were those who doubted whether the underlying technology would 
ultimately be found to work. The methods that Appellant disclosed in 1981 have been 
demonstrated to work repeatedly thereafter. No clearer case of satisfaction of the enablement 
requirement of 35 U.S.C. § 1 12 can be shown. 



J 
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B. There is no obviousness-type double patenting. 

Claim 71 stands rejected under the judicially created doctrine of obviousness-type 
double patenting as being allegedly unpatentable over claim 1 of U.S. Patent No. 5,023,243. 
Appellant traverses. 

In determining whether a nonstatutory basis exists for a double patenting rejection, 
the issue is whether any claim in the application defines an invention that is merely an 
obvious variation of an invention claimed in the patent. When the claimed subject matter is 
patentably distinct from the subject matter claimed in a commonly owned patent, a double 
patenting rejection is improper. Eli Lilly & Co. v. Barr Labs., Inc., 58 U.S.P.Q.2d 1865 (Fed. 
Cir. 2001). Any analysis employed in an obviousness-type double patenting rejection 
parallels the guidelines for analysis of a 35 U.S.C. § 103 obviousness determination (In re 
Braat, 19 U.S.P.Q.2d 1289 (Fed. Cir. 1991)); however, a double patenting rejection must rely 
on a comparison of only the claims. MPEP § 804, part III. 

Claim 71 recites a method for selectively inhibiting the expression of a target protein 
in a cell producing messenger ribonucleic acids, the method comprising the steps of 
synthesizing an oligonucleotide having a base sequence substantially complementary to a 
subsequence of a messenger ribonucleic acid, wherein the subsequence encodes the target 
protein, introducing the stabilized oligonucleotide into the cell, and hybridizing the stabilized 
oligonucleotide to the subsequence of messenger ribonucleic acid to inhibit expression of the 
target protein. 

In contrast, claim 1 of U.S. Patent No. 5,023,243 recites a method of selectively 
inhibiting in vivo synthesis of one or more specific targeted proteins comprising the steps of 
synthesizing an oligodeoxyribonucleotide having a nucleotide sequence substantially 
complementary to at least a portion of the base sequence of messenger ribonucleic acid 
coding for the targeted protein. In the claims of the '243 patent, at least a portion of the 
oligodeoxyribonucleotide is in the form of a phosphotriester to limit degradation in vivo. 
Claim 1 of the '243 patent calls for introducing the oligonucleotide into the cell and 
hybridizing the oligonucleotide to the subsequence of messenger ribonucleic acid to 
substantially block translation of the base sequence and to inhibit synthesis of the targeted 
protein. 
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It is asserted that claim 1 of the '243 patent is a specific embodiment of claim 71, 
thereby rendering present claim 71 obvious. Appellant disagrees. The oligonucleotide of 
present claim 71 has a sequence substantially complementary to the coding portion of the 
target mRNA, whereas the sequence of the oligodeoxyribonucleotide of claim 1 of the '243 
patent is substantially complementary to any region of the mRNA coding for the targeted 
protein. Because the portion of the target protein to which the oligonucleotide of claim 1 of 
the c 243 patent is not limited to the coding region of the mRNA, that claim is not a specific 
embodiment of, and thus does not render obvious, claim 71 of the present application. No 
prima facie case of nonstatutory obviousness-type double patenting exists. 

9. APPENDIX 

A listing of the claims involved in the present Appeal, as amended by the response 
filed September 17, 2003, is provided in Appendix A. 

Respectfully submitted, 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: Richard H. Tullis Confirmation No.: 91S5 
Serial No.: 08/078,768 Group Art Unit: 1631 

Filing Date: June 16, 1993 Examiner: James Martinell 

For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 



EXPRESS MAIL LABEL NO.: EL 999287071 US 
DATE OF DEPOSIT: July 8, 2004 

Mail Stop Appeal-Brief Patents 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

APPENDIX A TO APPELLANT'S SUBSTITUTE BRIEF 

The following constitutes a complete listing of the claims on appeal. The claims do not 
stand or fall together. The Amendments of September 17, 2003 in response to the Office 
Action of June 17, 2003 are included. 

64. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein and other proteins without 
inhibiting the expression of the other proteins, said method comprising the steps of: 

(a) synthesizing an oligonucleotide having a base sequence substantially 
complementary to a subsequence of a messenger ribonucleic acid said subsequence coding 
for the target protein, 

(b) introducing the oligonucleotide into the cell; and, 

(c) hybridizing the oligonucleotide to the subsequence of the messenger ribonucleic 
acid to inhibit the expression of the target protein. 
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65. The method of claim 64 wherein the entire sequence of the oligonucleotide is 
complementary to the subsequence of a messenger ribonucleic acid coding for the target 
protein. 

66. The method of claim 64 wherein the oligonucleotide is at least 14 bases in length. 

67. The method of claim 64 wherein the oligonucleotide is about 23 bases in length. 

68. The method of claim 64 wherein the oligonucleotide is between 14 and 23 bases in 
length. 

69. The method of claim 64 wherein the messenger ribonucleic acid is viral. 

70. The method of claim 64 wherein the messenger ribonucleic acid encodes a hormone. 

71. The method of claim 64 wherein the oligonucleotide is stabilized to inhibit 
degradation by nucleases. 

72. The method of claim 64 wherein the oligonucleotide is an oligodeoxynucleotide. 

73. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein and other proteins without 
inhibiting the expression of the other proteins, said method comprising the steps of: 

selecting a synthetic oligonucleotide that has enhanced resistance against nuclease 
enzymes and has a base sequence substantially complementary to a subsequence of a 
messenger ribonucleic acid of said cell, said subsequence coding for the target protein, 
introducing said synthetic oligonucleotide into the cell, and 
hybridizing said synthetic oligonucleotide to the subsequence of the messenger 
ribonucleic acid to inhibit the expression of the target protein. 

74. The method of claim 73 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 
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75. (Previously presented in Amendment submitted September 17, 2003) A method 
of selectively inhibiting the expression of a target protein in a cell producing messenger 
ribonucleic acids encoding the target protein and other proteins without inhibiting the 
expression of the other proteins, said method comprising the steps of: 

selecting a synthetic oligonucleotide that has enhanced resistance against nuclease 
enzymes and has a base sequence substantially complementary to a subsequence of a 
messenger ribonucleic acid of said cell, said subsequence coding for the target protein, and 

introducing said synthetic oligonucleotide into the cell to hybridize said synthetic 
oligonucleotide to the subsequence of the messenger ribonucleic acid. 

76. The method of claim 75 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 

77. (Canceled in Amendment submitted September 17, 2003) 

78. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acid encoding the target protein, said method comprising 
the steps of: 

selecting a base sequence substantially complementary to said messenger ribonucleic 
acid of said cell coding for the target protein, 

providing a synthetic oligonucleotide that is stabilized against in vivo degradative 
enzymes, said synthetic oligonucleotide having said selected base sequence, and 

introducing said synthetic oligonucleotide into the cell whereby said synthetic 
stabilized oligonucleotide hybridizes to the subsequence of the messenger ribonucleic acid. 

79. The method of claim 78 wherein said synthetic oligonucleotide is between 14 and 
about 23 bases in length. 

80. A method of selectively inhibiting the expression of a target protein in a cell 
producing messenger ribonucleic acids encoding the target protein, said method comprising 
the steps of: 
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selecting a plurality of base sequences that are complementary to said messenger 
ribonucleic acid, 

providing a synthetic oligonucleotide corresponding to each of said base sequences, 
selecting a preferred one of said synthetic oligonucleotides for inhibition of the 
expression of said target protein in a cell, and 

using said selected oligonucleotide for inhibition of said target protein in cells. 

81. The method of claim 80 wherein said synthetic oligonucleotides are oligonucleotides 
stabilized against in vivo degradative enzymes. 

82. The method of claim 80 wherein said selected synthetic oligonucleotide is between 14 
and about 23 bases in length. 

83. The method of claim 80 further comprising the step of synthesizing bulk amounts of 
said selected oligonucleotide for inhibition of said target protein in vivo. 
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DECLARATION ACCOMPANYING REPLY 
FILED UNDER EXPEDITED PROCEDURE 
PURSUANT TO 37 CF.R. § 1.129 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: Tullis 
Serial No.: 08/078,768 
Filing Date: June 16, 1993 



Confirmation No.: 9155 
Group Art Unit: 1631 
Examiner: J. Martinell 



For: Oligonucleotide Therapeutic Agent And Methods Of Making Same 



EXPRESS MAIL LABEL NO: EV 160093356 US 



Box AF 

Assistant Commissioner for Patents 
Washington DC 20231 

Sir: 

DECLARATION OF DR. SIDNEY M. HECHT 
PURSUANT TO 37 CFR § 1.132 

I, Dt. Sidney M. Hecht, being duly warned that willful false statements and the like 
are punishable by fine or imprisonment or both, under 18 U.S.C. § 1001, and may jeopardize 
the validity of the patent application or any patent issuing thereon, state and declare as 
follows: 

1. All statements herein made of my knowledge are true and statements made on 
information or belief are believed to be true. The Exhibits attached hereto are incorporated 
herein by reference. 
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REPLY FILED UNDER EXPEDITED 
PROCEDURE PURSUANT TO 
37 CF.H§ 1.129 



2. I am the J.W. Mallet Professor of Chemistry and Professor of Biology at the 
University of Virginia. I serve as Chairman of the Scientific Advisory Board of Orchid 
Biosciences, as a member of the Scientific Advisory Boards of Xenogen, Galileo 
Laboratories and Palumed, and as a consultant for Isis Pharmaceuticals. I am President of 
Pinnacle Pharmaceuticals and a member of the Board of Directors. I also am a member of 
the Board of Directors of Orchid Biosciences. I serve as an Associate Editor of the Journal 
of the American Chemical Society and sit on the Editorial Advisory Boards of Anti-Cancer 
Drug Design, Bioconjugate Chemistry and Current Medicinal Chemistry- Anticancer Agents. 

From 1981 to 1987 I held concurrent appointments at Smith Kline & French 
Laboratories, first as Vice President Preclinical R&D, then as Vice President Chemical R&D. 
I have been an Alfred P. Sloan Fellow and a John Simon Guggenheim Fellow at the Max 
Planck Institut fur Experimentelle Medizin at GOttingen. In 1991 I served as a Professor 
Associe at the Museum National d'Histoire Naturelle in Paris and Gastprofessor at the 
Eidgenossische Technische Hochschule in Zurich; I studied at the Museum again for six 
months during 2000. I have held numerous lectureships at other universities. I received the 
1996 Cope Scholar Award of the American Chemical Society and was selected as Virginia's 
Outstanding Scientist for 1996. More recently I received the 1998 Research Achievement 
Award of the American Society of Pharmacognosy. 

A copy of my curriculum vitae is attached hereto as Exhibit 1 . 

3. As early as 1969, 1 studied mechanisms of protein synthesis via gene expression and 
regulation thereof. As early as 1972, 1 co-authored scientific journal articles regarding these 
studies. Further I have studied the chemistry and biochemistry of nucleic acids since 1966. 
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My decades of experience as a biological chemist have instilled in me a knowledge of 
mechanisms of expression of specific genes. 

4. I have read and am familiar with the contents of the above-referenced patent 
application. I have read and agree with the declarations of Dr. Jerry L. Ruth, Dr. Dennis H. 
Schwartz, and Dr. Stanley T. Crooke previously submitted in connection with the present 
application. I further understand that the nature of the rejection at issue in the pending 
application is that the Examiner believes that the pending claims are overbroad in view of the 
skepticism of critics of antisense technology between October 1981 and the present. It is 
asserted by the Examiner that the time lapse between October 1981 and the dates of 
publication of the numerous references cited by the Applicant to support his claim that the 
methods of the invention work as set forth in the application weighs heavily against the 
assertion that the instant application provides sufficient guidance to one of skill in the art to 
practice the claimed invention as early as October 1981 . The purpose of this declaration is to 
address this issue. 

I will explain that the concerns of the Examiner stemming from a review of articles by 
antisense critics including Gura, Rojanasakul, and Hijiya are directed to the immediate 
clinical applicability of antisense applications rather than to the efficacy of in vivo antisense 
technology applications and, in any event, that those concerns have been proven baseless. I 
will explain why a significant delay in the reporting of clinical results is routine in the field of 
drug discovery and development. I also will explain that the numerous clinical investigations 
conducted on in vivo antisense methodologies demonstrate the confidence of pharmaceutical 
companies and, hence, those skilled scientists who comprise them in the use of antisense 
technology in vivo as detailed by the present application. 
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In short, the opinions of naysayers that have been lodged against the validity of 
antisense technology were wrong when made and have been proven to be wrong. Antisense 
technology works in vivo in accordance with the principles of the present invention. The 
invention as set forth in the application and as presently claimed has been proven to work 
time and again in the years following the effective filing date of the present application. No 
further disclosure than that made by Applicant in 1981 was necessary to practice the 
invention as presently claimed. Applicant was absolutely correct in 1981 and has been 
proven correct repeatedly thereafter. Additionally, a significant delay in the reporting of 
clinical results is routine in the field of drug discovery and development, particularly in the 
present case, where antisense technology was developed by small pioneer companies. The 
large investments by pharmaceutical companies in the development of antisense technologies 
underscores their belief in the efficacy of in vivo antisense applications. Their continued 
investments and positive results prove the continued vitality of that belief. 

5. Any concerns raised by Gura {Science, 270: 575-577 (1995)), Rojanasakul (Adv. Drug 
Delivery Revs., 18: 115-131 (1996)), and Hijiya (PNAS USA, 91:4499-4503 (1994)) are 
directed toward the immediate clinical applicability of in vivo use of antisense technology. 
These authors do not question the efficacy of antisense applications in vivo. For example, 
Rojanasakul at page 118 queries "Can antisense work in living systems?" and responds by 
stating that while "there are studies which indicate the relative safety of antisense 
[oligonucleotides] in vivo . . . non-specific side effects of [antisense oligonucleotides] have 
also been reported in mice." Rojanasakul goes on to say that these safety concerns "do not 
diminish the potential use of [antisense oligonucleotides] in vivo, and there are few examples 
of successful in vivo treatment in the absence of specialized delivery systems." Id. 
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Rqjanasakul continues, stating that "[considering the various obstacles that the antisense 
[oligonucleotides] must encounter prior to their action . . . the desired activity of [antiser^p 
oligonucleotides! is observed." Id, (emphasis added). 

Gura, a non-research-performing reporter, avers that "some experts in the field . . . 
argue that clinical trials have begun far too soon." Gura at 575. Such concerns regarding the 
clinical safety of antisense oligonucleotides were elicited by the side effects detected in some 
animal studies. For example, Gura describes one set of experiments in which lethality in 
monkeys administered a one-time, high-dose injection occurred as well as another set of 
experiments in which a transient decrease in two kinds of white blood cells and changes in 
heart rate and blood pressure resulted from the high dose administered. See id, at 576. 

Similarly, the assertion that Hijiya characterizes the field of antisense as being "in its 
scientific infancy" is misplaced. Hijiya makes clear that antisense oligonucleotides worked 
therein: "The experiments reported herein serve as a paradigm of [oligodeoxynucleotide]- 
based therapeutics for human malignancies." Hijiya at 4503. Hijiya reasons that, although 
MYB (a gene) is an effective target of antisense oligonucleotides in human melanoma, 
"further development of the antisense strategy will be needed before the successful 
application of this technique in the clinic can be anticipated." Id, 

"No drug is free of toxic effects." See Fingl and Dixon (Chapter One, "General 
Principles", In The Pharmacological Basis of Therapeutics, 4 th edition, L.S. Goodman 
and A. Gilman, Eds. (1970)) (Exhibit 2). This fact has been known for many years and is as 
true today as it was when first presented in this textbook. For some authors, to question the 
clinical safety of a new drug paradigm is not surprising. If raising such questions were to bar 
patentability of new drugs, there would be no new drugs. Accordingly, some toxic effects of 
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antisense therapeutics are to be expected. Some expected toxic effects, however, are not an 
- indication that antisense therapeutics do not work in vivo. 

Moreover, any concerns voiced by Gura, Rojanasakul, and Hijiya regarding the use of 
antisense technology in vivo have been proven to be wrong. The successes achieved in the 
field of antisense technology have been witnessed, thereby ratifying the views of proponents 
of antisense at the time of the invention and silencing, indeed converting, many critics to 
what is clearly the correct view: antisense works in vivo as taught by the present application. 

A number of articles that corroborate the in vivo success of antisense technology have 
been cited during prosecution of the present application. Further submitted with the 
accompanying reply is Mirabelli et al. (Anti-Cancer Drug Design, 6:647-661 (1991)) (Exhibit 
3) which notes that antisense oligonucleotides have demonstrated activities against a broad 
array of targets, that "the therapeutic indexes of phosphorothioate oligonucleotides appear to 
be quite high," and that "certain phosphorothioates ... are extremely well tolerated in 
animals." Mirabelli at 651. Mirabelli also provides evidence of successful in vivo trials of 
antisense oligonucleotides. See, e.g., Mirabelli at 653. 

Crooke (Annu. Rev. Pharmcol. Toxicol., 1992, 32:329-76) (Exhibit 4) corroborates 
the in vivo stability of antisense oligonucleotides, noting that nuclease activity of sera derived 
from different species varies, with human being the least active. See, e.g., Crooke 1992 at 
337. Additionally, modified oligonucleotides enter cells at pharmacologically relevant 
concentrations. See id. at 338-339. In vivo pharmacokinetic studies reveal that antisense 
oligonucleotides are rapidly and broadly distributed following administration in mice, rabbits, 
and rats. See id. at 342-343. Toxicity studies reveal that phosphorothioate oligonucleotides, 
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f0I example, have b» - ,0 " iCi,y ° n,y " COnCen,ra,i0nS f " " 

exceS s of colons which .herapeunc .civ* is observed. ». - a, 344; 346-347. 

Cossun, «« - (I993 » ^ 5> *"*" 

,„ v,v„ studies ,„ which phospho— oligonucleoudes - -» » * 

a*— following - — * «** ^ - Ph0SPtaB bUffe ' a ' 
ohysioiogicpH. *,e.,.Cossuma„,S,->lS 2 ,nS, A— Cossum acknowledges 

« the dosages a, which non-antisense effects — - *—* — - *" * 
Which antisensc effects are observed. See ii at 1181. 

Steptowsfc e. ... V . — . l":533a-5346 (1994), (Exhibit ,) demonstrates 
^ciflc inhibit of in— adhesion mo.ecu.e-. (ICAM-l, expression by an,,sense 
m o,ecu.e tt -30S 2 , .hereby promoting hear, aUo^ft surviva,. See S t «p k ow sk i e, a., a, 5 33S. 

Bxtension of * «,o Sadies » , - — «» — ^ ^ 

effiC ac y ofanti S ens.«echno.ogyin»Petridish.ndin..ivi»go^an,sr„. 

Inde ed, a search of me ar. of "a^se" in the PubMed database revea, 

apP ro*imate.y K*. « demon.ra.ins the extensive in.e.s, of me sclent* 

communi* in me «chno.ogy of me present., invention (Exhtbtt 7). 

6 . The — asserts ma. me time Upse between me effective ffling da,e of 

, itt( i in support of enablement of me 
me present application and the numerous references c.ted m ppo 

incited Cairns weighs heavi,y against me Cairn ma. me instan, action provides 
suffi cien, guidance to one of «. inthe art* P^cnce *e Cairn* invention as ear, as the 
eff ec tf ve fil ingda,e„fmeins 0 n,app.icno, .disagree. Had the ph^naceutica. indus-y . 
immediacy app.ied its existing*— of medicinal chemist and pharmaco.ogy 
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Various factors contributed ,o Otis .ag, no, to ..as, of which include esub.ishmen, within .n . 
organization, of an interna, "champion" for a new technology paradigm where the champion 
is wiiling to sponsor and defend rea..oc.to of resources torn existing programs to new a 
program. Arso, once accepts of the new paradigm is made, es*b.ished pharmaceutic^ 
practice requires pharmacists to perform substantia, and numerous pre-Cinica. studies to 
determine me toxico.ogica. profile, pharmacokinetics, and pharmacodynamics of any 
potentia, drug. Thus, my extensive experience as . bioiogical and medicina. chemist have 
taugh. me that ft is no. unexpected that the generation and reporting of pre-cHnica. and 
ciinica, studies by the ptannaceutica. industry reiated to the efficacy of a potentia. drug does 
immediately foUow the publication of the firs, few positive ■» «. result 

„ has been observed by Fing! and Dixon <« supra, paragraph 5) ma, »» drug is 
free of toxic effect," They further state, however, that "advene effects do no, arise solely 
^use of me inherent toxici* of drugs and me limuauons of me memods for early deletion 
of mis toxica Many of ,He averse efftc* «— **» — —." " 

ca «W W — '«■ - * <-*•* *** " Whe deVe,<>Pme,,, "* 

evaluation of new drugs in the United States is rigid., contro.,ed by federa, reguiation 

administered by me Food and Drug Administration. A new dnrg may nt» be marketed for 
genera, clinic,, use until i, b. been subject to morough c.inica. phan^co-ogical stud.es 
^ u „ti. •subs 0 ntia. evidence' of its efficacy and safe* have bee. obtained from adequate, 
uncontrolled clinical trials conducted by qualified investigators." Id. a, 29. 

Since bom positive and negative results mus, be ine.uded in da«a packages submitted 
to regulatory agencies, ciinica. trials are no, performed hapna^y with se.ective omission 
of negative resuUs. .n other words. sUpdash anima. studies are no, conduced for potentia. 
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human therapeutic *— -> *» * ^ 10 "* 

Accordingly, every study is pursuant » highly rigorous standards and carefuUy 

pl anned condition, Animal tests suitab.« . «^ agency submission ^- 
esabhshed animal ".onies and adequate animat care facilities with appropriate veterinary 
oversight the development of which is expensive and time-consuming. According*. carefc. 
anima, experiment do no, yie.d large voiumes of publications «h« appear in th. li.eta.ure 
q uicldy They reunite systematic studies «ha. may take years to accomplish. 
, significant deiay in th. reporting of pre^ca, or clinical resu.ts is entire* -tine in the 
field of drug discovery and development 

White contributing early-pubUshed papa* related » in vUro related research topics, 
inoividuai academic researchers, who contribute much of the scientific iiterature, did no, 
expi.it and pubhsh, ft * -sense tec.mo.ogy. The reason, for this are varied. The very 
subsuntial costs of anima. smdies, resuWng ftom the necessity of numerous controts «s weli 
as the stringent reguiations imposed by pernio instigations and reguiatory agencies, 
preciude most academic researchers from pursuing such stitdies absent indushia. sponsorship. 
Additions.*, the experiments conducted by most academicians are limited in scope to thetr 
existing, well-delineated areas of research interest Accordingly, academic —hers do no, 
perform isola-ed exp«im«n<s tha, have no bearing on that -arch interest. Ramer, 
demies are selective in choosing the focus of their experiment, limiting the. 
experimental objectives „ the particular area of research tit., fi«s h«o the *and scheme of the 
research to which .heir careers are dedic.«d, for which titey have received institutional 
approval to study, and for which they have been granted funding. 
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7 The numerous ««— ^ ^ " 

— — *- — - — °' — *- COmPa "' 

pion eer companies Hybridon - «. * >- «" — * 

fc fc pun- - — — — — * f ° me4 " 19 

— . - - - - - >«* -— Me,hy,0cne ' 

««w » few ioined the early-stage 
Pharmaceuticals Corp., and NeoPharma, to name only a ft., j. 

companies in e*p,oiti» g the ti-peutic aspects of .ntisense technoiogy. 
ta ^ antisense — « « * "* ^ 

and .He — of such corses that a * - *— ' 

ou ,come c„u,d devastate - entire — venture, the *oneer -panics in tbe antisense 
fl e,d bad eve, incentive to perform anima, — * - — ^ 

and business iud^nen, to advance . *» P- - - Process of movin g ft* dnt g 

— s toward rNO sums. *—* .- — lsis — — * 

Oenta ,nc. and Hybridon - and tbeir present or P*. ^ P— — 

■ a™.™ Roche and Boehringer Ingelheim have 
Novartis, Lilly, Abbott, Merck, Aventts, Amgen, Roche 

th«. efficacy of antisense drugs in an 
invested huge amounts of time and money to venfy the efficacy 
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effort ,„ prope, them -hrough clinical phases and in«o ft. market Given fte enormous cos* 
assocated wuh dn.g deve.opn.cn, and malting. »> <— — 4 - ^ 

.vested so heavily in fte deve.opn.en. of anc-nse .ecologies » *«T Sieved antfsense 

molecules would not work in vivo. 

, «n —My. -he opinions of naysaye* tha, nave been lodged agains, ,he valid* of 
a„,isense Kchno.ogy were wrong when made and have been proven .0 be wrong. AnUsense 
,ech„o.ogy works * vM, in accords wi<h ft. pdncip.es of «he P— invendo. The 
invent as se, for* in the application and as presently eUimed 1. been proven to wo* 
ft. and again in the years following the effective fling date o, fte present app.ie.no. No 
^er diseiosure than tha, made by Applicant in -19.1 ™ — » - pmcUce fte 
invent as presen.,y Caimed. Applican, was abso,u.e„ correct » «- — «~ 
proven correc, rep«^ thercfter. Addition...,, a significant delay in ft. reporting of 
Cinica. res* is roudne in the „e,d of d™g discovery and development ^ * - 
case, where annse^e technology was developed b, sm.» pioneer companies. The 
, Kg e invest by phytic., complies in ft. development of antisense techno.og.es 
u „derscores fteir belief in ft. ««cacy of ft W- an<isen» applications, mir continued 
investments and oosidve resu.ts prcve the continued vitality of that beHef. 
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Examiner: J. Martinell 



For: OLIGONUCLEOTIDE THERAPEUTIC AGENT AND METHODS OF 
MAKING SAME 



Assistant Commissioner for Patents 
Washington, D.C. 20231 

Dear Sir: 

SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 

Pursuant to 37 C.F.R. §1 .56 and in accordance with 37 C.F.R. §§ 1 .97-1 .98, information 
relating to the above-identified application is hereby disclosed. Inclusion of information in this 
statement is not to be construed as an admission that this information is material as that term is 
defined in 37 C.F.R. §1 .56(b). 

□ In accordance with § 1 .97(b), since this Information Disclosure Statement is being 

filed either within three months of the filing date of the above-identified 
application, within three months of the date of entry into the national stage of the 
above identified application as set forth in § 1 .49 1 , before the mailing date of a 
first Office Action on the merits of the above-identified application, or before the 
mailing date of a first office action after the filing of request for -continued 
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examination under §1.1 14, no additional fee is required. 

In accordance with §1.1 29(a), this Information Disclosure Statement is being 

filed in connection with Dthe first or □ second After Final Submission, 
therefore: 

□ Certification in Accordance with § 1 .97(e) is attached; or 

□ The fee of $18(M)0 as set forth in §1.17(p) is attached. 

In accordance with § 1 .97(c), this Information Disclosure Statement is being filed 

after the period set forth in §1 .97(b) above but before the mailing date of either 
a Final Action under § 1 . 1 1 3 or a Notice of Allowance under §1.31 1, or before an 
action that otherwise closes prosecution in the application, therefore: 

n Certification in Accordance with §1 .97(e) is attached; or 
The fee of $180,00 as set forth in § 1 . 1 7(p) is attached. 

In accordance with § 1 .97(d), this Information Disclosure Statement is being filed 

after the mailing date of either a Final Action under §1.113 or a Notice of 
Allowance under §1.311 but before, or simultaneously with, the payment of the 
Issue Fee, therefore included are: Certification in Accordance with §1 .97(e); and 
the submission fee of $180.00 as set forth in §1 .1 7(p). 

Copies of each of the references listed on the attached Form PTO-1449 are 
enclosed herewith. 

Copies of references listed on the attached Form PTO- 1 449 are enclosed herewith 
EXCEPT THAT: 

□ In view of the voluminous nature of references [list as appropriate] , and 

the likelihood that these references are available to the Examiner, copies 
are not enclosed herewith. 
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CI In accordance with § 1 .98(d), copies of the following references listed on 

the attached Form PTO- 1449 are not enclosed herewith because they were 
previously cited by or submitted to the U.S. Patent and Trademark Office 

- in patent application(s) for which a claim for priority under 35 

U.S.C.§120 have been made in the instant application: 

n Copies of references [list as appropriate] listed on the attached Form 

PTO- 1449 were previously cited by or submitted to the Patent and 
Trademark Office in prior application Serial No. , filed 

□ If any of the foregoing publications are not available to the 

Examiner, Applicant will endeavor to supply copies at the 
Examiner's request. 

Please charge any deficiency or credit any overpayment to Deposit Account No. 23-3050. 
This form is submitted in duplicate. 

There are no listed references which are not in the English language. 
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Application/Control Number: 08/078,768 Page 2 

Art Unit: 1631 

The appeal brief filed April 15, 2004is defective in that it presents as evidence two references not 
previously of record {viz. Hayes, in Beyond Chemotherapy, Emerging Targeted Therapies for the 
Treatment of Cancer, Symposium Proceeding, San Francisco, CA, May 11, 2001, pages 12-18 and Webb 
et al, Lancet 349 (9059), 1137 (1997)). In addition, the following articles and patents are referred to in 
the brief, but none of these articles or patents is of record an no copy of any of these articles or patents 
is in the record: 

(a) U.S. Patent No. 3,687,808, 

(b) Harvey et al, Biochemistry 12(2), 208 (1973), 

(c) Malkievicz et al, Czec. Chem. Comm. 38: 2953 (1973), 

(d) Fingl et al, Chapter One, "General Principles", in The Pharmacological Basis of 
Therapeutics, 4 th edition, LS. Goodman et al (eds.) 1970, 

(e) Mirabelli et al, Anticancer Drug Design 6: 647 (1991), 

(f) Crooke, Annu. Rev. Pharmacol. Toxicol. 32: 329 (1992), 

(g) Cossum, J. Pharm. Exp. Ther. 267(3), 1181 (1993), 

(h) Stepkowski et al, 1 Immunology 153: 5336 (1994), 

(i) U.S. Patent No. 4,689,320, 
0) U.S. Patent No. 5,264,423, 
(k) U.S. Patent No. 5,276,019, 
(I) U.S. Patent No. 5,442,049, 
(m) U.S. Patent No. 5,595,978, 
(n) "The Orange Book", and 
(o) U.S. Patent No. 5,595,078. 

Entry of new evidence in an application on appeal is not a matter of right (MPEP 1207) and must 
be submitted as a paper separate from the appeal brief. In addition, any amendment, affidavit, or other 
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GENERAL PRINCIPLES 

Edward Fingl and Dixon M. Woodbury 



The basic pharmacological concepts sum- 
marized in this chapter apply to the charac- 
terization, evaluation, and comparison of all 
drugs. A clear understanding of these princi- 
ples will facilitate subsequent study of the 
individual drugs. Many of these topics have 
been more extensively discussed in the text- 
book by Goldstein and coworkers (1968) 
and in the symposium edited by Tedeschi 
and Tedeschi (1968). 

SCOPE OF PHARMACOLOGY 

In its entirety, pharmacology embraces the 
knowledge of the history, source, physical 
and chemical properties, compounding, bio- 
chemical and physiological effects, mecha- 
nisms of action, absorption, distribution, 
biotransformation and excretion, and thera- 
peutic and other uses of drugs. Since a drug 
» broadly defined as any chemical agent 
tnat affects living processes, the subject of 
pharmacology is obviously quite extensive 

for the physician and the medical student 

exr^' lu C SC ° pe of Pharmacology is less 
expanse than indicated by the above defini- 
uons. The clinician is interested primarily 

Sa^S ***** USeM in the Prevention! 
diagnosis, and treatment of human disease 

of L nh PreVent !° n ° f P re Snancy. His study 

m s1s ? r ^ rational c]|inica i 

use. Secondanly, the physician is also con- 



cerned with chemical agents that are not 
used m therapy but are commonly responsi- 
ble for household poisoning as well as en- 
vironmental pollution. His study of these sub- 
stances is justifiably restricted to the general 
principles of prevention, recognition, and 
treatment of such toxicity or pollution. Fi- 
nally, all physicians feel a sense of respon- 
sibility toward the growing sociological prob- 
lem of the abuse of drugs. 

nuf'li* co ? si £ rati °n of 'ts major subject areas 
will further clarify how the study of pharmacology 
is best approached from the standpoint of the spe- 
cific requirements and interests of the medical stu- 

StJ^iT - ^ At ° ne time ' h was e «ential 
for the physician to have a broad botanical knowl- 

f a 1n e ;/J nCe m ,° St dru8s used in ^rapy were ob- 
£ ned from plants and since the physician bad to 
select the proper plants from which to prepare his 

%% V C T* T didnaI However, rela* 

lively few drugs are still obtained from natural 
sources and most of these are highly purifiTor 
standard,** and differ little from synVhetic chemi- 
cals. Hence, the interests of the modern clinician 
in pharmacognosy are correspondingly limited. 
Nevertheless, scientific curiosity should stimulate 
the physician to learn something of the sources of 
drugs, and this knowledge often proves practically 
useful as well as interesting. He will find the history 
of drugs of similar value. 

The preparing, compounding, and dispensing of 
medicines at one time lay within the province of 
the physician, but this work is now delegated al- 
most completely to the pharmacist However to 
wnte intelligent prescription orders, the physician 
must have some knowledge of the physical and 
chemical properties of drugs and their available 
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dosage forms, and he must have a basic familiarity 
with the practice of pharmacy. When the physician 
shirks his responsibility in this regard, he invariably 
fails to translate his knowledge of pharmacology 
and medicine into prescription orders and medica- 
tion best suited for the individual patient. The few 
details essential to the writing of correct prescrip- 
tion orders are summarized in the Appendix. 

The study of the biochemical and physiological 
effects of drugs and their mechanisms of action is 
termed pharmacodynamics. It is an experimental 
medical science that dates back only to the latter 
half of the nineteenth century. As a border science, 
pharmacodynamics borrows freely from both the 
subject matter and the experimental technics of 
physiology, biochemistry, microbiology, and pa- 
thology. It is unique mainly in that attention is 
focused on the characteristics of drugs. As the 
name implies, the subject is a dynamic one. The 
student who attempts merely to memorize the 
pharmacodynamic properties of drugs is foregoing 
one of the best opportunities for correlating the 
entire field of preclinical medicine. For example, 
the actions and effects of the saluretic agents can 
be fully understood only in terms of the basic 
principles of renal physiology and of the pathogene- 
sis of edema. Conversely, no greater insight into 
normal and abnormal renal physiology can be 
gained than by the study of the pharmacodynamics 
of the saluretic agents. 

Pharmacodynamics also deals with the absorp- 
tion, distribution, biotransformation, and excretion 
of drugs. These factors, coupled with dosage, de- 
termine the concentration of a drug at its sites of 
action and, hence, both the intensity and the time 
course of its effects. Many basic principles of bio- 
chemistry and enzymology and the physical and 
chemical principles that govern the active and pas- 
sive transfer and the distribution of substances 
across biological membranes are readily applied to 
the understanding of this important aspect of 
pharmacodynamics. 

Another ramification of pharmacodynamics is the 
correlation of the actions and effects of drugs with 
their chemical structures. Such . structure-activity 
relationships are an integral link in the analysis of 
drug action, and exploitation of these relationships 
among established therapeutic agents has often led 
to the development of better drugs. However, the 
correlation of biological activity with chemical 
structure is usually of interest to the physician only 
when it provides the basis for summarizing other 
pharmacological information. 

The physician is understandably interested mainly 
in the effects of drugs in man. This emphasis on 
human pharmacology is justified, since the effects 
of drugs are often characterized by significant inter- 
species variation, and since they may be further 
modified by disease. In addition, some drug effects, 
such as those on mood and behavior, can be ade- 
quately studied only in man. However, the pharma- 
cological evaluation of drugs in man may be 
limited for technical and ethical reasons, and the 
choice of drugs must be based in part on their 
pharmacological evaluation in animals. Conse- 



quently, some knowledge of animal pharmacology 
and comparative pharmacology is helpful in decid- 
ing the extent to which claims for a drug based 
upon studies in animals can be reasonably extrapo- 
lated to man. 

Pharmacotherapeutics deals with the use of drugs 
in the prevention and treatment of disease. Many 
drugs stimulate or depress biochemical or physio- 
logical function in man in a sufficiently reproduc- 
ible manner to provide relief of symptoms or, 
ideally, favorably to alter the course of disease. 
Drugs of this type are designated pharmacodynamic 
agents. Other drugs, known as chemotherapeutic 
agents, are useful in therapy because they have only 
minimal effects on man but can destroy or elimi- 
nate parasites. Whether a drug is useful for therapy 
is crucially dependent upon its ability to produce 
its desired effects with only tolerable undesired 
effects. Thus, from the standpoint of the physician 
interested in the therapeutic uses of a drug, the 
selectivity of its effects is one of its most im- 
portant characteristics. 

In the medical curriculum, pharmacotherapeutics 
is often neglected in the initial teaching of pharma- 
cology, because the formal course is usually taught 
during the preclinical years, and it is thought that 
the student lacks the necessary clinical background. 
This is unfortunate, since drug therapy is ration- 
ally based upon the correlation of the actions and 
effects of drugs with the physiological, biochemical, 
and microbiological aspects of disease. Pharmaco- 
dynamics provides one of the best opportunities for 
this correlation during the study of both the basic 
and the clinical medical sciences. 

Toxicology is that aspect of pharmacology that 
deals with the adverse effects of drugs. It is con- 
cerned not only with drugs used in therapy but also 
with the many other chemicals that may be re- 
sponsible for household, environmental, or indus- 
trial intoxication. The toxic effects of the phar- 
macodynamic and chemotherapeutic agents are 
properly considered an integral part of their 
total pharmacology. The toxic effects of other 
chemicals is such an extensive subject that the 
physician must usually confine his attention to the 
general principles applicable to the prevention, 
recognition, and treatment of drug poisonings of 
any cause. 

ABSORPTION, DISTRIBUTION, 
BIOTRANSFORMATION, AND 
EXCRETION 

To produce its characteristic effects, a 
drug must achieve adequate concentrations 
at its sites of action. Although obviously a 
function of the amount of drug administered, 
the concentrations attained also depend upon 
the extent and rate of its absorption, distri- 
bution, binding or localization in tissues, in- 
activation, and excretion. These factors are 
depicted in the following scheme: 
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Physicochemical Factors in 
Transfer of Drugs across 
Membranes 

Either directly or indirectly, the absorp- 
tion, distribution, biotransformation, and ex- 
cretion of a drug all involve its passage 
across cell membranes. It is essential, there- 
fore, to consider the mechanisms by which 
drugs cross membranes and the physico- 
chemical properties of molecules and mem- 
branes that influence this transfer. Important 
characteristics of a drug are its molecular 
size and shape; degree of dissociation or 
ionization of an acid, base, or salt; and rela- 
tive lipid solubility of its charged and un- 
charged forms. Single cells and cell nuclei 
have a simple plasma membrane. In con- 
trast, the intestinal epithelial boundary is 
represented by a single cell layer, and the 
skin barrier is composed of several layers of 
cells Despite these anatomical differences 
the diffusion and transport of drugs across 
sSar Van ° US b0Undaries are remarkably 

0v ^" Mei ° b r an ^ classical observations by 
Seorv th^rh^ and B * rlund led to the 

?S Tav J nf e r ( ^ asma) ^rane consists of 
minute ^r /ii !f°^ material ^rspersed with 

ffim^^K 61111 ^- ° ften called P° res - 
mVmh™ have ind *ated that the plasma 

STn%Xid ° f K a bimolec ^ lipoicf sheet 
the membranes S ft Pr °! ein - ^ thickness of 
basis oFelectron 5 ^ ° f 100 A * 0n ** 

gories of m u micr °g ra Phic studies, two cate- 
Sones of membranes have been distinguished 



(Sjostrand, 1967). The first type, exemplified by 
the plasma membrane, primarily controls the com- 
position of the medium bounded by the membrane, 
by means of characteristic permeability and trans- 
port properties. The second type, exemplified by 
the mitochondrial membrane, is primarily associ- 
ated with enzymatic function; the structure of such 
membranes is more complex and consists of a 
thicker inner surface thought to contain highly 
ordered multienzyme systems in the form of globu- 
lar proteins. 

Passive Processes. Drugs move across mem- 
branes either by passive transfer processes or by 
specialized active transfer systems. The membrane 
is not involved in the passive processes, and the drug 
molecules penetrate either by passage through 
aqueous channels in the membrane or by dissolv- 
ing in the membrane substance. Both nonpolar 
iipid-soluble compounds and polar substances that 
possess sufficient lipid solubility move across the 
predominantly lipoid plasma membrane by passive 
diffusion. Their transfer is directly proportional to 
the concentration gradient across the membrane 
and the lipid: water partition coefficient of the drug. 
The greater the partition coefficient, the higher is 
the concentration of drug in the membrane and the 
faster is its diffusion. However, after a steady state 
is attained, the concentration of the drug is the 
same on both sides of the membrane. Passage 
through channels is called filtration, since it in- 
volves bulk flow of water as a result of a hydro- 
static or osmotic difference across the membrane. 
The bulk flow of water carries with it any water- 
soluble molecule that is small enough to pass 
through the channels. Filtration is a common 
mechanism for transfer of many small, water- 
soluble, polar and nonpolar substances. The size 
of the membrane channels differs in the various 
body membranes. Capillary endothelial cells have 
large channels (40 A), and molecules as large as 
albumin pass from the plasma to the extracellular 
fluid or from the plasma into the glomerular fil- 
trate. In contrast, the channels in the red-cell mem- 
brane, the intestinal epithelium, and most cell 
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Figure 1-1. Influence of pH on the distribution of a weak acid between plasma and gastric 
juice, separated by a lipoid membrane. 

Only the nonionized moiety can readily penetrate the membrane; hence, at equilibrium its 
concentration is the same in both compartments. The degree of dissociation of the acid on 
each side depends on the pH of the plasma and gastric juice. The total concentration difference 
between Oie two sides is a direct function of the pH gradient across the membrane 

The values m brackets represent relative concentrations of the ionized and nonionized forms 
on each side of the membrane. The thick vertical arrows point in the direction of the pre- 
dominant form of the weak acid at the indicated pH. 



membranes are about 4 A in diameter and permit 
passage only of water, urea, and other small, 
water-soluble molecules. Such substances generally 
do not pass through channels in cell membranes if 
their molecular weights are greater than 100 to 200. 

Most inorganic ions are sufficiently small to pene- 
trate the pores in membranes, but their concentra- 
tion gradient across the cell membrane is generally 
determined by the transmembrane potential (e.g., 
chloride ion) or by active transport (e.g., sodium 
and potassium ions). 

Weak Electrolytes and Influence of pH. Most 
drugs are weak acids or bases and are present in 
solution as both the nonionized and ionized species. 
The nonionized portion is usually lipid soluble and 
can readily diffuse across the cell membrane. In 
contrast, the ionized fraction is often unable to 
penetrate the lipoid membrane because of its low 
lipid solubility, or to traverse the membrane chan- 
nels because of its size. If the ionized portion of a 
weak electrolyte can pass through the channels, or 
through the membrane, it will distribute according 
to the transmembrane potential. For example, in- 
organic ions, like chloride, bicarbonate, and bro- 
mide, and the ionized form of drugs, like salicylate 
or 5,5-dimethyl-2,4-oxazolidinedione (DMO), are 
distributed unequally across the red-blood-cell 
membrane. 



If the ionized portion of a weak electrolyte can- 
not penetrate the membrane, its distribution will be 
determined by its pK* and the pH gradient across 
the membrane. If a pH gradient exists, the degree 
of ionization of the electrolyte on the two sides of 
the membrane will differ. Accordingly, even though 
the concentration of the nonionized fraction on the 
two sides is the same, the total concentration of 
the drug (ionized plus nonionized) on the two 
sides will also differ. To illustrate the effect of pH 
on distribution of drugs, the partitioning of a 
weak acid (pK a = 4.4) between plasma (pH = 7.4) 
and gastric juice (pH = 1.4) is depicted in Figure 
1-1. It is assumed that the gastric mucosal mem- 
brane behaves as a simple lipoid barrier that is 
permeable only to the Iipid-soluble, nondissociated 
form of the acid. The ratio of nonionized to ionized 
drug at each pH can be calculated from the Hen- 
derson-Hasselbalch equation. Thus, in plasma, the 
ratio of nonionized to ionized drug is 1:1000; in 
gastric juice, the ratio is 1:0.001. The total con- 
centration ratio between the plasma and the gastric 
juice sides of the barrier is therefore 1000:1. For a 
weak base with a pK a of 4.4, the ratio is reversed. 
(For more detailed discussions of drug transfer by 
passive processes and the effect of pK a and pH on 
drug movements, see Albert, 1952; Brodie and 
Hogben, 1957; Schanker, 1962.) 

Specialized Active Transport Processes. The 
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passive processes described above do not explain 
the passage of all drugs across cell membranes. 
Specialized active transport processes appear to be 
responsible for the rapid cellular transfer of certain 
foreign organic ions and polar molecules, as well 
as many natural substrates such as sugars, amino 
acids, and pyrimidines. 

Active transport processes differ from passive 
processes in that they exhibit selectivity, saturabil- 
ity, and a requirement for energy. Specialized ac- 
tive transport is generally thought to be mediated 
by earners, membrane components that form a 
complex with the substance to be transported The 
complex is presumed to be formed on one side of 
the membrane and to diffuse to the other side where 
the substance is released, after which the carrier 
returns to the original surface to repeat the proc- 
ess. If the process transports a substance against 
an electrochemical gradient (uphill transport) and 
is blocked by metabolic inhibitors, it is called active 
transport; ions such as Na + , K + , and I~, amino acids, 
certain strong organic acids and bases, and ionized 
forms of weak electrolytes are transported across 
the renal tubule, choroid plexus, and liver cells in 
tins manner. Carrier transport that shows selectiv- 
ity, saturability, and blockade by metabolic inhibi- 
tors but in which the substance does not move 
against a concentration gradient is called facilitated 
diffusion. Glucose, pyrimidines, and some of their 
antimetabolites are transported across gastroin- 
testinal epithelium and other cell membranes by 
this process. Transport is facilitated by attachment 
to a earner and is more rapid than simple diffusion. 

Absorption 

It is of practical importance to know the 
manner in which drugs are absorbed. The 
rate of absorption largely determines the 
latent period between administration and 
onset of action; it is also important in de- 
tennnung dosage. In many instances, absorp- 
tion influences the choice of the route by 
which a drug is administered. 

Many variables, in addition to the physico- 
chemical factors discussed above, influence 
the absorption of drugs. Absorption from all 
sites of administration is dependent upon 
drug solubility. Drugs given in solution are 
more rapidly absorbed than those given in 

fte J^f J**?* S iven in so1 * form, 
£r J * °/ dissolution becomes the limiting 

2 rt? ? ?l absor P tion - Local conditions 
at the si e of absorption alter solubUity. Thus, 

A^ lrt ^ 3re abs ° rbed slowl y b ^ause 
ud Bf e m * e fluids of the stomach, 
S£i.X ?° n ° ccurs ve T slowly. Highly 

not absorbed from the alimentary tract at 



all. The concentration of a drug also influ- 
ences its rate of absorption. Drugs ingested 
or injected in solutions of high concentration 
are absorbed more rapidly than are drugs in 
solutions of low concentration. The circula- 
tion to the site of absorption also affects drug 
absorption is most importantly determined 
area, brought about by massage or local ap- 
plication of heat, enhances absorption of a 
drug, whereas decreased blood flow, pro- 
duced by vasoconstrictors, shock, or' other 
factors, slows absorption. The area of the 
absorbing surface to which a drug is exposed 
is one of the more important determinants of 
the rate of drug absorption. Obviously, 
drugs are absorbed very rapidly from large 
surface areas such as the pulmonary endo- 
thelium, peritoneal cavity, and intestinal 
mucosa, and factors that increase the area 
over which a drug is spread enhance ab- 
sorption. Since the absorbing surface is de- 
termined largely by the route of administra- 
tion, it is evident that the rate of drug 
absorption is most importantly determined 
by this factor. Often there is a choice in the 
route by which a therapeutic agent may be 
given, and a knowledge of the advantages 
and disadvantages of the different methods 
of administration is then of primary impor- 
tance. 

Alimentary Tract. The oral route is the 
most ancient method of drug administration. 
It is also the safest, most convenient, and 
most economical. Drugs given by mouth may 
be retained there and absorbed through the 
oral mucosa, or they may be swallowed and 
absorbed from the stomach and intestine. 
Disadvantages to the oral route of ingestion 
of drugs include emesis as a result of irrita- 
tion to the gastrointestinal mucosa, destruc- 
tion of some drugs by the digestive enzymes, 
formation with food of complexes that can- 
not be absorbed, and necessity for coopera- 
tion on the part of the patient. 

Oral Mucosa. The mucosal lining of the 
mouth behaves as a lipoid barrier to the 
passage of drugs, and their absorption 
through the oral mucosa involves the same 
principles outlined above for most epithelial 
membranes. Absorption from the oral mu- 
cosa is rapid. A higher concentration of the 
drug in the blood may be achieved than by 
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absorption lower in the alimentary tract be- 
cause metabolism of drugs as a result of 
passage through the liver is avoided, and be- 
cause the drug is not subjected to possible 
destruction by the gastrointestinal secretions 
or to formation of complexes with foods. 
However, substances that are distasteful or 
that are irritating should not be given by this 
route. The sublingual route of administration 
permits rapid absorption of a variety of 
drugs. It is a convenient method that is 
often overlooked. 

Gastrointestinal Tract. Absorption of 
drugs from the gastrointestinal tract is for 
the most part explainable in terms of pH- 
dependent, simple nonionic diffusion across 
the gastrointestinal epithelial membrane, as 
described above and depicted in Figure 1-1 . 
For example, alcohol, a lipid-soluble non- 
electrolyte, is rapidly absorbed into the blood 
stream by diffusion across the gastric 
mucosa. Weak acids, such as salicylates and 
barbiturates, which are predominantly non- 
ionized in the acid gastric contents, are also 
readily absorbed from the stomach. In con- 
trast, weak bases, such as morphine, quinine, 
ephedrine, and tolazoline, which are pre- 
dominantly ionized at the pH of gastric juice, 
are poorly absorbed through the gastric mu- 
cosa and are absorbed mainly through the 
intestinal mucosa. If the gastric contents are 
made alkaline, acidic compounds become 
more ionized and are less well absorbed. 
Conversely, basic compounds become less 
ionized and are better absorbed. The pH at 
the surface of the intestinal epithelium 
where absorption occurs is about 5.3; 
consequentiy, weak bases are more readily 
absorbed and weak acids less readily ab- 
sorbed than in the stomach. Increasing the 
pH of the intestinal contents enhances this 
difference. Quaternary ammonium com- 
pounds, streptomycin, and other completely 
ionized, lipid-insoluble drugs are very slowly 
absorbed. Succinylsulfathiazole and other 
drugs, even the nonionic forms of which are 
lipid insoluble, are also poorly absorbed 
from the gastrointestinal tract. The quater- 
nary ammonium compounds may be ab- 
sorbed by formation of a phosphatido-pep- 
tide intermediate. 

Theoretically, the concentration ratio of a weak 



as high as 1 millionfold. Experimentally, the value 
never exceeds 40-fold, because gastric mucosal 
blood flow limits the rate at which the drug can 
be supplied to, or removed from, the gastric juice 
and equilibrium is never attained. The establish- 
ment of concentration gradients of weak electro- 
lytes across the gastric mucosa is a purely physical 
process and does not require an active transport 
system. All that is necessary is to have a membrane 
preferentially permeable to the nonionizable form 
of the weak electrolyte and the establishment of a 
pH gradient across the membrane. The establish- 
ment of the pH gradient is, however, an active 
transport process requiring expenditure of energy 
to secrete hydrogen and chloride ions. 

Factors other than the rate of passage of 
drugs across the gastrointestinal mucosa in- 
fluence the absorption of drugs from the ali- 
mentary tract. One of these factors is the rate 
of gastric emptying. Changes in gastric 
emptying might be expected to have opposite 
effects on absorption of weak acids and 
weak bases because of the difference in 
gastric and intestinal pH. However, because 
of the large surface area of the intestine, the 
absorption of most drugs is reduced if gastric 
emptying is retarded. Other factors that affect 
absorption, such as solubility of a drug in 
gastrointestinal fluids and concentration of 
the administered solution, have been noted 
above. Absorption from the alimentary tract 
may also be retarded or decreased if the in- 
gested drug is unstable in gastrointestinal 
fluid, or if it becomes bound to food or other 
gastrointestinal contents. Simultaneous inges- 
tion of food also delays absorption by de- 
creasing gastric emptying. 

The rate of absorption of solid forms of drugs 
is dependent mainly on their disolution rate in 
gastrointestinal fluids, and this factor is the basis 
for the oral prolonged-action or sustained-release 
pharmaceutical preparations. These preparations 
include tablets- within-tablets, slowly disintegrating 
tablets, pellets in capsules, slowly dissolving salts 
in solid or liquid suspension, and drugs embedded 
in ion-exchange or inert plastic matrices, all of 
which are designed to produce slow, uniform ab- 
sorption of the drug and thereby provide a sus- 
tained effect for 8 hours or longer. In addition, 
they are intended to provide rapid onset of action 
by immediate release of sufficient active ingredient 
to raise the level of the drug in the blood to that 
producing the desired therapeutic effect. Potential 
advantages of such preparations are reduction in the 
frequency of administration of the drug as com- 
pared with conventional forms, maintenance of a 
therapeutic effect overnight, and decreased inci- 
/^nr* of undesired effects bv elimination of the 
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peaks in drag concentration that often occur after 
repeated administration of nonsustained-release 
dosage forms. Sustained-release preparations may 
also reduce the hazard of defaulting from pre- 
scribed treatment by allowing the patient to take 
the drug less often. In the case of some drugs, such 
as certain amphetamines, antihistamines, antitus- 
sives, and tranquilizers, uniformly effective sus- 
tained-release preparations have been achieved and 
are being used successfully in therapy. However, 
each drug must be evaluated separately for its suit- 
ability as a sustained-release preparation. It is ob- 
vious that drugs given for a brief therapeutic effect 
should not be in the sustained-release form. In 
addition, not all marketed preparations are reliable 
Dissolution rate of some preparations in gastro- 
intestinal fluid may be quite irregular because of 
technical problems associated with their manufac- 
ture and of variations in gastrointestinal pH 
gastric emptying, intestinal motility, and other 
physiological factors that influence drug absorption 
Since the total dose of drug ingested at one time is 
equal to 3 to 4 doses of the conventional form of 
the drug, release of the entire amount at once due 
to occasional failure of the material to hold to- 
gether may occur and lead to toxicity. Also, failure 
of adequate release may compromise the thera- 
peutic effect. Therefore, it is incumbent on the 
physician who uses preparations of this type to 
establish a need for a prolonged-action prepara- 
tion and also to evaluate its uniformity, reliability 
and safety. This is especially necessary since the 
same drugs made into sustained-release formula- 
tions by different processes or by different manu- 
tacturers may have release rates and durations of 
actions that vary considerably from each other. 
I he use of these nonuniform and poorly re- 
time Prcparations cannot j^ified at the present 

Rectal Mucosa. Drugs can also be given 
by the rectal route. This is often useful when 
the oral route is precluded by vomiting or 
when the patient is unconscious. In addition, 
the absorbed drug does not pass through the 
nver before entry into the systemic circula- 
tion. However, absorption by this route is 
otten irregular and incomplete, and many 
drugs cause irritation of the rectal mucosa. 

Injection. The injection of medicinals 
nas at times certain distinct advantages over 
oral administration. In some instances, this 
route of administration is essential for the 
to be absorbed in active form. Ab- 

d5£?£ m ° re ra P id more P«>- 
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S?S a H leCt ? d * In agency therapy, 
parenteral admmistration is particularly serv- 



iceable. If a patient is unconscious, unco- 
operative, or unable to retain anything given 
by mouth, parenteral therapy may become a 
necessity. On the other hand, there are sev- 
eral disadvantages to the injection of drugs. 
Strict asepsis must be maintained in order to 
avoid infection, an intravascular injection 
may occur when it is not intended, pain may 
accompany the injection, and it is often diffi- 
cult for a patient to perform the injection 
himself if self-medication is a necessary pro- 
cedure. Parenteral therapy is also more ex- 
pensive and less safe than oral medication. 
Absorption of lipid-soluble drugs from sub- 
cutaneous and intramuscular sites occurs by 
simple nonionic diffusion through the capil- 
lary membranes into the blood and is directly 
proportional to the lipid: water partition co- 
efficient of the drug. The rate of absorption 
is also influenced by the total area of the 
absorbing capillary membranes and by the 
solubility of the substance in the interstitial 
fluid. Lipid-insoluble drugs are absorbed into 
the blood by penetration through the rela- 
tively large aqueous pores in the endothelial 
membrane; larger molecules, such as pro- 
teins, gain access to the circulation by way 
of lymphatic channels. Some large molecules 
and microcrystalline substances are ab- 
sorbed from these sites by phagocytosis. 

Subcutaneous. Injection at this site is often 
utilized for the administration of medicinals. It can 
be used only for drugs that are not irritating to tis- 
sue; otherwise, a slough may occur. The rate of 
absorption following subcutaneous injection of a 
drug is often sufficiently even and slow to provide a 
fairly sustained effect. Moreover, it may be will- 
fully varied by well-known technics. The sub- 
cutaneous injection of a suspension of a drug in a 
vehicle in which it is insoluble results in a very 
slow rate of absorption. For example, the rate of 
absorption of a suspension of insoluble protamine 
insulin is slow as compared with that of soluble 
insulin. The incorporation of a vasoconstrictor 
agent in a solution of a drug to be injected sub- 
cutaneously also retards absorption. This principle 
is utilized in the combination of epinephrine with 
local anesthetics. Absorption of drugs implanted 
under the skin in a solid pellet form occurs slowly 
over a period of weeks or months; several hor- 
mones are effectively administered in this manner 
(See review by Schou, 1961.) 

Intramuscular. Drugs are often injected deep 
into muscle tissue. From this site, drugs in aqueous 
solution are rapidly absorbed by the diffusion 
processes described above. It is possible to dissolve 
or suspend drugs in oil and inject them intramuscu- 



larly. This leads to a very slow and even rate of 
absorption. Drugs with low solubility, such as the 
repository penicillin preparations, are also slowly 
absorbed from intramuscular sites. Irritating sub- 
stances that cannot be injected subcutaneously may 
be given by the intramuscular route. 

Intraperitoneal. The peritoneal cavity offers a 
arge absorbing surface from which drugs enter 
the circulation rapidly. Intraperitoneal injection is 
a common laboratory procedure, but it is seldom 
employed clinically. The dangers of infection and 
adhesions are too great to warrant the routine use 
of this route in man. 

Intravenous. Drugs in aqueous solution 
can be introduced directly into the circula- 
tion, usually into a vein. The factors con- 
cerned m absorption are circumvented by 
intravenous injection, and the desired blood 
concentration of a drug is obtained with an 
accuracy and immediacy not possible by any 
other procedure. In some instances, as in 
the induction of surgical anesthesia by a bar- 
biturate, the dose of a drug is not predeter- 
mined but is adjusted to the response of the 
patient. Also, certain irritating and hyper- 
tonic solutions can be given only in this man- 
ner, for the blood vessel walls are relatively 
insensitive and the drug, if injected slowly 
is greatly diluted by the blood. 

On the other hand, there are many dan- 
gers that attend intravenous injections. Un- 
favorable reactions are more prone to occur 
than when any other route is used. Once the 
drug is injected there is no retreat, whereas 
when subcutaneous administration is em- 
ployed absorption can be stopped by occlud- 
ing venous return from the area of injection. 
Repeated intravenous injections are depend- 
ent upon the patency of veins. Drugs in 
an oily vehicle or those that precipitate 
blood constituents or hemolyze erythrocytes 
should not be given by this route. Unless 
specifically indicated, drugs should never be 
given directly into the blood stream. 

Intra-arteriaL Occasionally a drug is injected 
directly into an artery in order to localize its effect 
in a particular tissue or organ. Antineoplastic 
agents are sometimes given in this manner for the 
treatment of localized tumors. This procedure re- 
quires great care, and its use should be reserved for 
experts. 

J^ atkeC ^' The bloo <i-brain barrier and the 
blood-cerebrospinal fluid barrier often preclude 
or slow the entrance of drugs into the central 
nervous system (CNS). Therefore, when local and 
rapul effects of drugs on the meninges or ceTebro- 
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spinal axis are desired, as in spinal anesthesia or 
acute CNS infections, drugs are sometimes injected 
directly into the spinal subarachnoid space. 

Pulmonary Endothelium. Gaseous and 
volatile drugs may be inhaled; they are then 
absorbed through the pulmonary endothelium 
or mucous membranes of the respiratory 
tract and in this way gain rapid access to the 
circulation. The principles governing absorp- 
tion and excretion of gases and vapors are 
discussed in Chapter 5. Also, solutions of 
drugs can be atomized and the fine droplets 
m air (aerosol) inhaled. Advantages are the 
almost instantaneous absorption of a drug 
into the blood and, in the case of pulmonary 
disease, local application of the drug at the 
desired site of action. For example, epineph- 
rine can be given in this manner for the 
treatment of bronchial asthma. The main 
disadvantages are poor ability to regulate the 
dose, cumbersomeness of the methods of ad- 
ministration, and the fact that many gaseous 
and volatile drugs produce irritation of the 
pulmonary endothelium. 

Mucous Membranes. Absorption of 
drugs takes place readily through many of 
the mucous membranes of the body other 
than those of the alimentary canal, and the 
more accessible ones are often employed for 
this purpose. Certain drugs can reach the 
circulation through the mucous membranes 
of the vagina, urethra, conjunctiva, nose, and 
oropharynx. In many instances, drugs are 
applied at these sites for their local action, 
but on occasion it is the systemic effect that 
is desired. In fact, local anesthetics may 
sometimes be absorbed so rapidly from the 
mucous membranes that they produce sys- 
temic toxicity. 

Skin. Few drugs readily penetrate the intact 
skin. Absorption of those that do is proportional 
to their lipid solubility since the epidermis behaves 
as a lipoid barrier; the dermis, however, is freely 
permeable to many solutes. As a result, toxic effects 
can sometimes be produced by absorption through 
the skin of highly lipid-soluble substances (e.g., a 
iipid-soluble insecticide in an organic solvent). Ab- 
sorption through the skin can be enhanced by sus- 
pending the drug in an oily vehicle and rubbing 
the resulting preparation into the skin. This method 
of administration is known as inunction. Lipid- 
msoluble molecules and ions penetrate slowly. The 
rate of transfer of drugs that ionize, however, can 
be increased by a procedure known as iontophore- 
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sis. This is accomplished by passage of a galvanic 
current through a solution of drug applied to the 
skin underneath an electrode. The procedure is not 
often used, since large amounts of drugs are re- 
quired, the dose given is difficult to determine, and 
the method is cumbersome. 

Distribution 

After a drug is absorbed or injected into 
the blood stream, it can enter or pass 
through the various body fluid compartments 
— plasma, interstitial fluid, transcellular 
fluids, and cellular fluids. Some drugs cannot 
pass cell membranes and, therefore, are re- 
stricted in their distribution and in their 
sites of action, whereas others pass through 
cell membranes and thereby distribute 
throughout all fluid compartments. In addi- 
tion, some drugs may accumulate in various 
areas as a result of binding, dissolving in 
fat, or active transport. The accumulation 
may be at the locus of action of the drug or, 
more often, in some other location. In the 
latter situation, the site of accumulation may 
serve as a storage depot for the drug. 

Storage Depots. Many areas of the body 
serve as reservoirs for drugs because selec- 
tive accumulation occurs at these sites. 
Stored drug is in equilibrium with that in 
plasma and is released as plasma concentra- 
tions are reduced. As a result, effective 
plasma levels of the drug are maintained for 
a longer period, and pharmacological effects 
are correspondingly prolonged. However, to 
obtain therapeutically effective levels ini- 
tially, adequate priming doses must be given 
to saturate the binding sites. The following 
arc the major drug storage sites in the body. 

Plasma Proteins and Other Extracellular 
Depots, Upon entering the blood, a drug 
may be bound to plasma proteins. Ordinarily 
the binding is to albumin. However, other 
plasma proteins also bind drugs. The binding 
involves reversible bonds of the ionic, hydro- 
gen and van der Waals types. The extent of 
Dindmg depends on the particular drug. For 
example, it may be high, as with phenyl- 
butazone (98%); or low, as with barbital 
tV J ; . ° r P racticall y nil, as with antipyrine. 
If affinity of a drug for the albumin is high, 
the plasma proteins may serve as a rather 

S ge ,n t0r ^ e dCp0t for dru S- For "am- 
ple, suramin, an effective agent in the ther- 



apy of trypanosomiasis, is strongly bound to 
plasma protein, and a single dose of the 
drug confers protection against infection for 
3 months or more. 

Some drugs are stored in connective tissue 
because they are bound to the strongly ionic 
groups of the mucopolysaccharides. Bone 
may also be a reservoir for drugs, and sub- 
stances such as heavy metals and tetracy- 
clines are stored there. The nature of the 
accumulation in bone is not known, but it 
probably is due to adsorption of the sub- 
stances to the bone-crystal surface or incor- 
poration into the crystal lattice. 

Cellular Depots of Drugs. Many drugs 
accumulate in higher concentrations in cells 
than in the extracellular fluids. If the intra- 
cellular concentration is high, the tissue in- 
volved may serve as a large storage depot. 
Accumulation in cells may be brought about 
by active transport or by binding to tissue 
constituents. Tissue binding of drugs usu- 
ally occurs with proteins, phospholipids, or 
nucleoproteins and is generally reversible. A 
classical example of a drug that binds to tis- 
sue constituents is the antimalarial agent 
quinacrine. This drug may achieve a concen- 
tration in liver 2000 times that of the plasma 
level 4 hours after a single dose. After 
chronic administration, the accumulation is 
even more pronounced and may amount to 
22,000 times the plasma level. The binding 
occurs in the nuclei, probably with nucleo- 
proteins. 

Fat as a Depot for Drugs. Many drugs 
have a high lipid solubility and are stored by 
physical solution in the neutral fat. In obpse 
persons, the fat content of the body may be 
as high as 50%, and even in starvation it 
makes up 10% of body weight; hence, fat can 
serve as an important depot for storage of 
lipid-soluble drugs. The majority of a drug 
with a high lipid: water partition coefficient 
may enter fat. For example, as much as 70% 
of the highly lipid-soluble barbiturate thio- 
pental may be present in body fat 3 hours 
after administration. 

Transcellular Depots of Drugs. Drugs also 
cross epithelial cells into the transcellular fluids and 
may accumulate in these fluids. The major trans- 
cellular depot in the body is the gastrointestinal 
tract A drug that is poorly soluble in gastrointesti- 
nal fluid will be slowly absorbed and serve as a 
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reservoir for maintaining the level in the plasma 
and increasing its duration in the body. Weak 
bases are passively concentrated in the stomach 
from the blood, because of the large pH differential 
between the two fluids; the gut thus serves as a 
storage depot for such compounds. 

Drugs do not generally accumulate in the cer- 
ebrospinal fluid, because no protein is present for 
binding, they exit relatively rapidly by way of the 
arachnoid villi, some are actively transported out 
of cerebrospinal fluid, and there is only a small pH 
gradient across the choroid plexus. Other trans- 
cellular fluids, such as aqueous humor, endolymph, 
and joint fluids, do not generally accumulate drugs 
and constitute only minor storage depots in the 
body. The luminal fluid of the thyroid serves as 
the major storage depot for iodine in the body and 
can concentrate drugs such as the perchlorate and 
some other monovalent anions. 

Passage of Drugs into and across Cells. 

The passage of drugs across cell membranes 
involves the same factors discussed above 
for membranes in general. Weak electrolytes 
penetrate cells by simple diffusion in the 
nonionized form in proportion to their lipid: 
water partition coefficient and are distributed 
between extracellular and intracellular fluids 
in proportion to the pH difference of the two 
fluids. However, since the pH difference be- 
tween intracellular and extracellular fluids is 
small (7.0 versus 7.4), the concentration 
gradient across the membrane is also small. 
Weak bases are concentrated slightly inside 
of cells, while the concentration of weak 
acids is slightly lower in the cells than in 
extracellular fluids. Lowering the pH of 
extracellular fluid increases the intracellular 
concentration of weak acids and decreases 
that of weak bases, provided that the pH 
change does not simultaneously affect the 
binding, biotransformation, or excretion of 
the drug. Elevating the pH produces the op- 
posite effects. Nonelectrolytes enter cells by 
diffusion and generally in proportion to their 
lipid solubility, but small molecules such as 
urea penetrate through aqueous channels in 
the membrane. Penetration of strong acids 
and bases that are completely ionized de- 
pends upon the permeability of, and the 
potential difference across, the cell mem- 
brane. 

The penetration of drugs into subcellular 
particles such as mitochondria, although 
little studied, appears to be an important 
aspect of drug distribution and action. The 
mitochondrial membrane is lipoid in nature, 



and penetration of drugs follows the same 
principles as for cell membranes. 

Penetration into Central Nervous System and 
Cerebrospinal Fluid. The entrance of drugs into 
the CNS and the cerebrospinal fluid is a special 
aspect of cellular penetration; however, in general, 
it follows the same principles as for transfer across 
other cells. The blood-brain barrier is located not at 
the surface of brain cells but between the plasma 
and extracellular space of the brain, at the base- 
ment membrane of capillary endothelial cells. 
Transfer of drugs across neuronal cell membranes 
is like that across any other cell membrane. The 
blood-cerebrospinal fluid barrier is located at the 
choroid plexus. Lipid-insoluble drugs and inorganic 
and organic ions enter the brain much more slowly 
than do lipid-soluble substances. Their rate of en- 
trance is proportional to the size of the molecule; 
large molecules like inulin penetrate slowly, 
whereas small ions like chloride or small nonelec- 
trolytes like urea penetrate more rapidly, but still 
slowly as compared to the rate in other tissues. The 
choroid plexus is also slowly permeable to small 
ions and lipid-insoluble substances but poorly 
permeable or impermeable to large lipid-insoluble 
substances. 

The routes of exit of drugs from the cerebro- 
spinal fluid differ from the routes of entrance. All 
drugs and many endogenous metabolites, regardless 
of lipid solubility or molecular size (including 
molecules as large as plasma albumin), leave the 
cerebrospinal fluid by flow through the arachnoid 
villi. The speed of exit is the same for all the sub- 
stances and depends on the rate of the bulk flow 
of cerebrospinal fluid. In addition, if the drug is 
lipid soluble, it can exit by the same route it 
entered, namely, by diffusion across the lipid por- 
tions of the blood-cerebrospinal fluid boundary. 
Drugs can also diffuse into and out of the brain 
through the blood-brain boundary; exit by this 
route is aided by bulk flow of cerebrospinal fluid 
through the brain and into the capillaries. In addi- 
tion, certain drugs and endogenous metabolites 
may be removed from the cerebrospinal fluid by 
specialized, active transport processes, similar to 
those that exist for organic ions in the renal tubules 
(see below). (For summaries of drug penetration 
into and out of the CNS, see Rail and Zubrod, 
1962; Schanker, 1962.) 

Placental Transfer of Drugs. A knowl- 
edge of the principles of transfer of drugs 
across the placenta is important since drugs 
can exert toxic effects on the fetus and may 
induce congenital anomalies. The transfer 
occurs primarily by simple diffusion; carrier- 
mediated transport is generally restricted 
to endogenous substrates. Nonionized drugs 
of high fat solubility readily enter the fetal 
blood from the maternal circulation. Pene- 
tration is least with drugs possessing a high 
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degree of dissociation and/or low lipid 
solubility. (For summaries of placental trans- 
fer of drugs, see Schanker, 1962; Sym- 
posium, 1964; Goldstein et al t 1968.) 

Redistribution. Although termination of 
drug effect is usually accomplished by bio- 
transformation and excretion, it may also 
result from redistribution of the drug from 
its site of action into other tissues; however, 
it is stored there in an active form and its 
ultimate elimination from the body is still 
dependent on biotransformation and excre- 
tion. If the inital dose saturates the storage 
site, a subsequent dose of the drug may pro- 
duce a prolonged effect. The factors involved 
m redistribution of drugs have been exten- 
sively studied for thiopental and are de- 
scribed in Chapter 9. 

Biotransformation 

Many drugs are lipid-soluble, weak or- 
ganic acids and bases that are readily reab- 
sorbed in the renal tubules. To be excreted 
more rapidly, they must be transformed into 
more polar compounds. These more ionized, 
less hpid-soluble metabolites are also less able 
to bind to plasma and tissue proteins, less 
likely to be stored in fat depots, and less 
able to penetrate cell membranes. Thus, this 
type of biotransformation usually results 
in mactivation of the drug. Occasionally 
however, activation may result, or an active 
drug may be transformed into a metabolite 
that is also active. In such cases, termina- 
tion of action takes place by further biotrans- 
formation or by excretion of the active me- 
tabolite in the urine. 

General Considerations. Although much 
or the information concerning the biotrans- 
formation of drugs is based upon observa- 
nt?,!^ laborator y ani *"ls, many clinical 
stupes demonstrate that similar mechanisms 
««ur in man. However, the rates at which 
Uie reactions proceed in the various species 
are often very different; a drug may be rap! 
idly inactivated and have a short duration li 
action in animals, yet be much more slowly 
inactivated and have a long duration Tl 
tion in man. 

oxidative 
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The chemical reactions concerned in the 
biotransformation of drugs can be classified 
as nonsynthetic and synthetic. The nonsyn- 
thetic reactions involve oxidation, reduction, 
or hydrolysis, and may result in activation* 
change in activity, or inactivation of the par- 
ent drug. The synthetic reactions, also called 
conjugation, involve coupling between the 
drug or its metabolite and an endogenous 
substrate that is usually a carbohydrate, an 
ammo acid, derivatives of these or an inor- 
ganic sulfate. Synthetic reactions almost in- 
variably result in inactivation of the parent 
drug. 

Various patterns of biotransformations involving 
nonsynthetic and synthetic reactions may be dis- 
tinguished (For summaries of drug biotransforma- 
tions, see Symposium, 1962; Williams, 1959, 1963- 
Goldstein et a/., 1968; many others.) 

One type may be exemplified by the following 
reactions: 6 



Prontosil 
(inactive) 



"duqiqn t acetvlation 

Sulfanilamide »- Ace ^sulfanilamide 

(active) (inactive) 



In this case, the inactive parent drug is converted to 
an active chemotherapeutic agent by a reductive 
process, and the active drug is subsequently inacti- 
vated by a synthetic reaction involving acetylation 
The sojourn of the active drug in the body depends 
upon the relative rates of activation and inactiva- 
tion. 

A second pattern of biotransformation is de- 
picted in the following scheme: 



Phenacetin 
(active) 



dc-cihylation 



Acetaminophen 
(active) 



conjugation 



Acetaminophen 
glucuronide 
(inactive) 



Phenobarbital mMw i „„ . v t 

Mro.yo.ionof H > dro *^benobarbital 

ihe aromatic ring 

(active) . x 

' (inactive) 



This biotransformation involves change of the 
parent drug to a metabolite that is also active 
until conjugated. The first step may occur without 
the synthetic second step. For example, the anti- 
convulsant trimethadione is converted to the 

^wtv me J abolite 5 » 5 - dim ethyl-2,4-oxazolidinedione 
(DMO) by oxidative N-demethylation. DMO is 
not further metabolized but is slowly excreted in 
the urine. A change in the type of biological activ- 
ity may also occur. For example, aniline, a highly 
toxic substance with pharmacological effects similar 
to those of acetanilid and phenacetin, is converted 
in the body to a metabolite that causes methemo- 
globm formation. 

Inactivation may also occur in both the first and 
second steps, as follows: 



conjugation 

>- Hydroxyphenobarbital 

ethereal sulfate or 
glucuronide 
(inactive) 
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The first phase of inactivation may be oxidative, re- 
ductive, or hydrolytic. Reactions of this type are 
extremely common and are often responsible for 
the termination of drug activity. The synthetic step 
may not be present in some cases. For example, 
procaine is inactivated by hydrolytic cleavage to 
p-aminobenzoic acid and diethylaminoethanol. 

Another biotransformation, usually resulting in 
inactivation, involves only the synthetic reaction. 
A typical example is the following: 



ci- i ' j ^"nation 

Sahcylamide Sulicvlamide glucuronic^ 

Active) (inactive) 



These reactions are often called detoxification, and 
many drugs are inactivated in this manner. Rarely, 
a change in activity may occur. 

Specific Processes. Biotransformation of drugs 
occurs mainly in the liver, but also takes place in 
plasma, kidney, and other tissues. 

Oxidation. An important group of oxidative 
enzymes (called mixed-function oxidases) is lo- 
cated in hepatic microsomes. The reactions cata- 
lyzed by these oxidative enzymes include N- and 
O-dealkylation, aromatic ring and side chain 
hydroxylation, sulfoxide formation, N-oxidation, 
N-hydroxylation, and deamination of primary and 
secondary amines. The replacement of a sulfur by 
an oxygen atom (desulfuration) can also occur. 
Thus, parathion, which contains a — P=S group 
and is inactive, is converted to paraoxon, which 
contains a — P=0 group and is an insecticide 
with anticholinesterase properties. NADPH and 
molecular oxygen are essential in most of these re- 
actions, as discussed below. Some drug oxidations 
are mediated by enzymes other than those of the 
hepatic microsomal system — for example, oxida- 
tion of alcohols in the soluble fraction of the liver 
by dehydrogenation. In addition, monoamine and 
diamine oxidases are mitochondrial enzymes, 
found especially in liver, kidney, intestine, and 
nervous tissue, that oxidatively deaminate several 
naturally occurring amines as well as a number of 
drugs. Also, many halogenated compounds used 
as insecticides and industrial solvents are de- 
kalogenated in the soluble fraction of the liver. 
The reactions include replacement of a halide atom 
by a hydroxyl group, loss of hydrogen halide, and 
replacement of halide by an acetylcysteine group 
(mercapturic acid formation). 

Reduction. Hepatic microsomes and some 
other tissues also contain enzymes that catalyze 
the reduction of nitro groups and the cleavage 
and reduction of the azo linkage. The reactions are 
catalyzed by flavoproteins that require NADPH 
as the hydrogen donor and in some cases cyto- 
chrome P-450, as discussed below. Examples are 
the nitro reduction of chloramphenicol and the azo 
reduction of prontosil. The conversion of chloral 
hydrate to trichloroethanol is a reduction reaction 
catalyzed by alcohol dehydrogenase. 
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Hydrolysis. These reactions involve deamida- 
tion by hepatic enzymes and de-esterification by 
esterases located in plasma, soluble fraction of 
liver, and many other tissues. Examples include the 
hydrolysis of procaine, procainamide, meperidine, 
acetylcholine, and many other esters and amides. 
Peptidases in plasma, erythrocytes, and many other 
tissues are involved in the biotransformations of 
the biologically active polypeptides. 

Synthesis (Conjugation). A variety of synthetic 
reactions are involved in the inactivation of drugs. 
The substances are conjugated to form inactive, 
highly ionized, water-soluble substances that are 
readily excreted in the urine. These reactions are 
termed synthetic, since they are endothermic and 
require a source of energy, usually adenosinetri- 
phosphate (ATP). The reaction involves activation 
of either the drug or the conjugating agent. Conju- 
gating enzymes occur mainly in the liver but also 
in other tissues, particularly the kidney. The major 
conjugation reactions are: glucuronide formation, 
an important pathway in the metabolism of phenols, 
alcohols, and carboxylic acids, a process that in- 
volves the formation of uridine diphosphate- 
glucuronic acid (UDPGA), which serves as a donor 
of glucuronic acid to the drug acceptors and is 
catalyzed by various transferase enzymes; ribo- 
nucleotide and ribonucleotide synthesis, usually 
with analogs of purines and pyrimidines to form 
biologically active anticancer agents, reactions 
catalyzed by the same enzymes (soluble fraction) 
responsible for formation of the naturally occurring 
nucleosides and nucleotides; sulfate conjugation, 
mainly with phenols and involving formation of an 
active sulfate donor by reaction of inorganic sulfate 
with ATP; acetylation, usually involving the conju- 
gation of acetyl coenzyme A (CoA) with an 
acceptor amine, such as sulfanilamide; 0-, and 
N~methylation, with certain types of phenolic com- 
pounds, nicotinic acid, and epinephrine and nor- 
epinephrine, the methyl group being supplied by 
S-methyladenosylmethionine; and glycine conjuga- 
tion, with aromatic acids such as benzoic and 
salicylic acids and involving the formation of a 
CoA-drug intermediate. 

Sites and Mechanisms of Biotransforma- 
tion. Drugs are metabolized by a variety of 
enzymes involved in intermediary metabo- 
lism. For example, some alcohols are 
inactivated by alcohol dehydrogenase; suc- 
cinylcholine, by plasma pseudocholines- 
terase; 6-mercaptopurine, by xanthine 
oxidase. Administered biogenic amines and 
their precursors are biotransformed by the 
enzymes (monoamine oxidase, tyrosine 
hydroxylase, etc.) involved in the normal 
synthesis and metabolism of these com- * 
pounds. However, the majority of drugs are 
metabolized by the hepatic microsomal 
enzymes. 
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Microsomal Drug-Metabolizing System, 
The enzyme systems concerned in the bio- 
transformation of many drugs and also of 
steroid hormones and lipids appear to be 
located in the hepatic endoplasmic reticulum 
(ergastoplasm). Fragments of this network 
are isolated from liver homogenates by vari- 
ous technics in the fraction generally called 
microsomes. The microsomal enzymes cat- 
alyze many of the nonsynthetic and synthetic 
biotransformations described above. Since so 
many drugs are metabolized by this system, 
it is important to consider these enzymes in 
some detail and to note the factors that influ- 
ence their activity. 

The endoplasmic reticulum resembles a kind of 
pipeline or canal system in the cell and may func- 
tion in the transport of substances from one area of 
a cell to another; it is continuous with the cell 
membrane and with the nuclear membrane. As 
identified by electron microscopy, the reticulum 
consists mainly of a membrane that often bears 
small nbonucleoprotein particles, called Pelade 
granules, which cause the reticulum to have a rough 
surface. Only the smooth-surfaced microsomes are 
thought to possess enzymes that can metabolize 
drugs The rough -surfaced microsomes are con- 
cerned with protein synthesis. 

Most of the oxidative and some of the reductive 
drug-metabolizing enzymes in the hepatic micro- 
somes are unusual in that they require NADPH and 
molecular oxygen for their action. Electron trans- 
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oxidized P-450. This drug-oxidized P-450 complex 
after reduction by the NHI protein, reacts directly 
with molecular oxygen to form a drug-oxidized 
P-450-O complex and water. A hydroxyl group is 
transferred to the drag, and oxidized P-450 is re- 
generated as the oxidized drug is released. 

The rate of drug biotransformation appears to 
be related not only to the amount of drug-P-450 
complex but also to its rate of enzymatic reductipn 
The amount of cytochrome P-450 in liver varies 
from species to species, strain to strain, and even 
individual to individual; this might explain the 
large variability in rate of metabolism of a particu- 
lar drug observed in man. When the rate of a drug 
oxidation is increased by prior treatment with an 
inducing agent such as phenobarbital {see below), 
the amount of cytochrome P-450 also increases and 
this can explain the enhancing effect of pheno- 
barbital on drug-oxidation reactions. There is 
ample spectral evidence to support the concept that 
drugs bind directly to cytochrome P-450. Ap- 
parently, this carrier is necessary, not only for 
active oxidation of a drug but also for the bind- 
ing of the microsomes of the compound to be oxi- 
dized. 

The reduction of some nitro and azo groups by 
the liver microsomes is also catalyzed by this sys- 
tem; m these reactions, the drug is first oxidized to 
an intermediate, which is then reduced by the H 
ions from NADPH. These hepatic enzymes also 
function for the inactivation of endogenous steroid 
hormones and the oxidation of fatty acids. As men- 
tioned! below, many drugs compete with these 
steroids, and possibly the fatty acids, for the oxi- 
dative enzymes involved. (See Symposium, 1965- 
Gillette, 1966; Conney, 1967; Goldstein et al] 
1968; many others.) 

Lipid solubility is an important, but not the only 
requirement for a drug to be metabolized by the 
hepatic microsomes since this property favors the 
penetrauon of a drug into the endoplasmic reticu- 
lum and the binding with cytochrome P-450 
Endogenous substrates except steroids and fatty 
acids are not affected since most are polar, water- 
soluble compounds. The evolutionary development 
of the drug-metabolizing system in hepatic micro- 
somes is a fascinating story in comparative phar- 
macology that is beyond the scope of this chapter. 
Summaries of this aspect have been presented by 
Brodie and Maickel in a symposium (1962). 
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Figure 1-2. Electron transfer in the microsomal drug-metabolizing system. 
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The activity of the drug-metabolizing en- 
zymes in hepatic microsomes, as well as the 
structure and amount of smooth-surfaced en- 
doplasmic reticulum, is influenced markedly 
by the administration of' various drugs and 
hormones and by the age, sex, strain, tem- 
perature, nutritional status, and pathologi- 
cal state of the animal. Some of these factors 
are discussed below. 

Inhibitors. The effects of many drugs are 
enhanced and prolonged by interference with 
their enzymatic destruction by hepatic micro- 
somal enzymes. The first such compound 
described was SKF 525A (£-diethylamino- 
ethyl-2,2-diphenylpentanoate), a compound 
with no other appreciable pharmacological 
effects. Many drugs structurally related to 
SKF 525A and various other compounds 
produce similar inhibition of microsomal en- 
zymes. 

In man, a number of drugs inhibit the me- 
tabolism of other drugs. For example, phenylbuta- 
zone and bishydroxycoumarin inhibit the metabolic 
inactivation of tolbutamide and profound hypo- 
glycemia occurs if one of these drugs is admin- 
istered concurrently with tolbutamide. Similarly, 
bishydroxycoumarin and disulfiram inhibit the 
metabolism of diphenylhydantoin and can cause 
accumulation of the anticonvulsant to toxic 
levels. In addition, some agents are known to 
enhance the anticoagulant effect of bishydroxy- 
coumarin by inhibition of its metabolism; serious 
hemorrhage can result if care is not taken 
when these drugs are given concurrently. These 
inhibitors appear to act in a variety of ways: 
interference with NADPH-generating systems, 
inhibition of reduction of P-450, and blockade 
of the transfer of active oxygen from P-450 to 
the drug substrate. They also may inhibit by more 
than one mechanism. For example, SKF 525A is 
converted to a substance that inactivates P-450, but 
it also presumably combines with the active site of 
an N-dealkylase in hepatic microsomes since the 
inhibition is competitive; it is also a competitive 
antagonist of microsomal and plasma esterases (See 
Gillette, 1966.) 

Stimulators. Activity of the hepatic mi- 
crosomal enzymes may also be increased by 
the administration of drugs. Prior treatment 
of experimental animals with various agents 
increases their ability to metabolize both the 
administered drug as well as other related 
and unrelated compounds and some endog- 
enous substrates. After prior treatment of 
rats with phenobarbital, the metabolism of 
zoxazolamine, hexobarbital, and phenobarbi- 
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tal itself is increased and their pharmacologi- 
cal effects are proportionately reduced. 
Various carcinogenic hydrocarbons, steroid 
hormones, and at least 200 other agents exert 
similar effects, but still others drugs have 
no such enhancing effect on enzyme activity. 
The increased activity of the microsomal 
enzymes is probably due to enhanced 
synthesis of cytochrome P-450, NADPH- 
cytochrome C reductase, and other enzymes 
involved in the metabolism of drugs. This 
probability is supported by the facts that 
ethionine, puromycin, and actinomycin, 
which interfere with protein synthesis, block 
the effect and that the enhancement of micro- 
somal enzyme activity does not occur when 
the stimulating agents are added to the en- 
zymes in vitro. Also, inducers increase RNA 
polymerase activity. Enzyme induction by 
some drugs occurs to a limited extent in 
hepatic mitochondria and in kidney, gastro- 
intestinal tract, adrenal, lung, and, occasion- 
ally, other tissues as well. 

The observations that one drug can stimu- 
late its own metabolism, that of another 
drug, or of normal body constituents have 
wide implications for chronic toxicity tests, 
crossover drug studies in animals and man, 
chronic drug therapy with single or multiple 
drugs, and the development of tolerance to 
drugs. In each situation, the pharmacologi- 
cal effects of the second dose or of the sec- 
ond drug administered will be modified by 
the first, since its metabolism will be altered 
by stimulation of the drug-metabolizing en- 
zymes. 

Drug-induced stimulation of microsomal enzyme 
activity occurs in man and plays an important role 
in drug therapy. Enzyme induction is responsible 
for some altered pharmacological effects that occur 
during chronic medication. Many examples have 
been described, but only a few will be presented 
here to illustrate this important concept. Other 
examples are discussed throughout the text. (For 
excellent reviews, also see Burns, 1964; Burns and 
Conney, 1965; Conney, 1967, 1969.) Concurrent 
administration of phenobarbital and bishydroxy- 
coumarin results in lower plasma levels of bishy- 
droxycoumarin and less anticoagulant effect than 
when bishydroxycoumarin is administered alone. 
Even larger doses of the anticoagulant cannot 
maintain adequate blood levels of the drug in the 
presence of phenobarbital. If phenobarbital is dis- 
continued, the plasma level and anticoagulant effect 
of bishydroxycoumarin increase to such an ex- 
tent that severe bleeding may result. Thus, when 
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concurrent therapy with a stimulator of drug me- 
tabolism and another drug is undertaken, extreme 
care must be observed when the dose of either is 
increased or reduced. Phenobarbital, in addition 
stimulates the metabolism and lowers the blood 
levels of diphenylhydantoin, griseofulvin, and 
aminopynne. As a result of enzyme induction by 
drugs, the hydroxylation of androgens, estrogens 
progestational steroids, and glucocorticoids and 
the conjugation of bilirubin are increased Chronic 
administration of a drug may also stimulate its own 
metabolism and thereby cause tolerance. Environ- 
mental carcinogens, insecticides, and cigarette 
smoking have been shown to induce hepatic drug- 
metabohzing enzymes in experimental animals The 
implications of this effect for man are now being 
assessed. Cigarette smoking, for example, enhances 
the metabolism of nicotine in man, and this may 
explain the tolerance to nicotine that occurs in 
smokers. Whether smoking also stimulates the 
metabolism of commonly used drugs in man is an 
important, but unanswered, question. The inductive 
effect of phenobarbital on glucuronide conjugation 
has been used to advantage in the treatment of 
hyperbilirubinemia in infants with congenital non- 
hemolytic jaundice; phenobarbital treatment lowers 
the free plasma bilirubin concentration, and the 
jaundice disappears. In such infants there is a ge- 
netic deficiency in formation of glucuronides, and 
phenobarbital treatment enhances the activity of 
glucuronyl transferase that carries out this reaction 
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Excretion 

The kidney is the most important organ 
tor drug excretion. Drugs and their metabo- 
lites excreted in the feces are derived either 
from unabsorbed orally ingested drug or 
trom metabolites excreted in the bile and 
not reabsorbed from the intestinal tract Ex- 
cretion of drugs in milk is important not be- 
cause of the amounts eliminated but because 
me excreted drugs are potential sources of 
unwanted pharmacological effects or toxicity 
ui the nursing infant. Pulmonary excretion is 
V n J!^ taocc mainIv for *e elimination of 
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upia-soluble compounds. 

Renal Excretion. Excretion of drugs in 



the urine involves three processes: passive 
glomerular filtration, active tubular secre- 
tion and reabsorption, and passive tubular 
diffusion The amount of drug entering the 
tubular lumen by filtration is dependent on 
the filtration rate and the degree of plasma 
protein binding. In the proximal renal 
tubule, strong organic acids and bases are 
added to the glomerular filtrate by active 
carrier-mediated tubular secretion. Many or- 
ganic acids, such as penicillin, are trans- 
ported by the system that secretes naturally 
occurring substances such as uric acid; many 
organic bases, such as tetraethylammonium 
are transported by another system that se- 
cretes choline, histamine, and other naturally 
occurring bases. Ionic forms of some weak 
electrolytes, such as salicylate, chlorothia- 
zide, and quinine, are also secreted into the 
tubular lumen by these mechanisms. The 
characteristics of tubular transport systems 
are described in detail in Chapter 41. 

In the proximal and distal tubuies the 
nonionized forms of weak acids and bases 
undergo reabsorption or excretion by passive 
diffusion. By definition, a passive diffusion 
mechanism is potentially bidirectional, and 
drugs may diffuse across tubular cells in 
either direction, depending upon the concen- 
trations of the drug and the pH on the two 
sides of the tubular cells. Under normal con- 
ditions, even when the pH gradient in the 
distal tubule favors diffusion into the urine 
the net effect is reabsorption, since the bulk 
of the drug will diffuse out of the urine 
as reabsorption of strong electrolyte and 
water creates a concentration gradient of the 
nonionized form in the direction of urine to 
blood. Passive reabsorption of the ionized 
form may also occur, but the proportion is 
considerably less than that of the nonionized 
form. When the tubular urine is more alka- 
line than plasma, weak acids are excreted 
more rapidly, primarily because of a decrease 
in net passive reabsorption. When the tubular 
urine is more acid than plasma, the excre- 
tion of weak acids is reduced. The effects of 
alkalinization and acidification of the urine 
on the excretion of weak bases are the op- 
posite of those on the excretion of weak 
acids. In poisoning, the excretion of some 
drugs can be hastened by appropriate alka- 
linization or acidification of the urine. (See 
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Orloff and Berliner, 1961; Mudge and Wei- 
ner, 1963.) 

Hepatic and Fecal Excretion. Many me- 
tabolites of drugs formed in the liver are 
excreted into the intestinal tract in the bile. 
The metabolite may be excreted in the feces, 
but the greater portion is usually reab- 
sorbed into the blood and ultimately excreted 
in the urine. For example, diphenylhydantoin 
is metabolized in the liver, chiefly to hydroxy- 
diphenylhydantoin; all of this metabolite 
enters the bile and hence into the intestinal 
tract, but it is subsequently reabsorbed and 
is ultimately excreted in the urine. The 
metabolite of colchicine, in contrast, is se- 
creted in the bile and excreted only in feces, 
since absorption across the intestinal mucosa 
does not occur. Both strong organic acids 
and strong organic bases are actively trans- 
ported from hepatic cells into bile by proc- 
esses similar to those that transport these 
same substances across renal tubules. 

Excretion by Other Routes. Excretion of drugs 
into sweat and saliva takes place by similar mech- 
anisms, but both routes are quantitatively unim- 
portant. Excretion is dependent mainly upon diffu- 
sion of the nonionized, lipid-soluble form of drugs 
through the epithelial cells of the glands, since the 
ionized forms pass only slowly into these secretions. 
Thus, pKo of the drug and pH of the primary se- 
cretion formed in the acini of the glands are im- 
portant determinants of secretion rate. Nonionic 
reabsorption of the drug from the primary secretion 
probably also occurs in the ducts of the glands, and 
this process is dependent on the pH of the fluid in 
the duct lumen. It is not known whether active se- 
cretion of drug occurs across the ducts of the gland. 
Lipid-insoluble compounds, such as urea and glyc- 
erol, appear to enter saliva and sweat at rates pro- 
portional to their molecular weight, presumably by 
filtration through aqueous channels in the mem- 
brane. Drugs excreted in the saliva enter the mouth, 
where they are usually swallowed. Their fate there- 
after is the same as that of drugs taken orally. 

The same principles apply to excretion of drugs 
in milk. Since milk is more acidic than plasma, 
basic compounds may be concentrated in this fluid. 
In contrast, the concentration of acidic compounds 
in milk is lower than in plasma. Nonelectrolytes, 
such as ethanol, urea, and antipyrine, readily enter 
milk and reach the same concentration as in plasma, 
independently of the pH of the milk. (See summary 
by Stowe and Plaa, 1968.) 

MECHANISMS OF DRUG ACTION 

The most fundamental aspect of pharma- 
codynamics is that which deals with the 



mechanisms of drug action. Before sum- 
marizing some general concepts pertaining 
to this fascinating subject, it is helpful to 
emphasize the distinction between drug ac- 
tion and drug effect, and clearly to define the 
objectives of analysis of drug action. 

Although often considered as synonyms, 
the terms action and effect have useful phar- 
macological connotations that should be pre- 
served. With certain obvious exceptions, 
most drugs are thought to produce their ef- 
fects by combining with enzymes, cell mem- 
branes, or other specialized functional 
components of cells. Drug-cell interaction is 
presumed to alter the function of the cell 
component and thereby initiate the series of 
biochemical and physiological changes that 
are characteristic of the drug. Only the 
initial consequence of drug-cell combination 
is correctly termed the action of the drug; 
the remaining events*are properly called drug 
effects. The objectives of analysis of drug 
action are identification of the primary ac- 
tion, delineation of the details of the chemi- 
cal reaction between drug and cell; and 
characterization of the full action-effects se- 
quence. Only the complete analysis provides 
a truly satisfactory basis for the therapeutic 
use of the drug, but this is an ideal that is 
infrequently attained. 

Structure-Activity Relationship. The ac- 
tions of a drug are intimately related to 
its chemical structure. The relationship is 
frequently quite specific, and relatively 
minor modifications in the drug molecule 
may result in major changes in pharmacologi- 
cal properties. Exploitation of structure- 
activity relationship has led to the synthesis 
of many valuable therapeutic agents. Since 
changes in molecular configuration need not 
alter all actions and effects of a drug equally, 
it is sometimes possible to develop a con- 
gener with a more favorable therapeutic 
index or more acceptable secondary charac- 
teristics than those of the parent drug. In 
addition, effective therapeutic agents have 
been fashioned by developing structurally 
related competitive antagonists of other 
drugs or of endogenous substances known 
to be important in biochemical or physio- 
logical function. 

Sometimes the structure-activity relation- 
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ship appears quite broad. For example, many 
chemically dissimilar drugs exhibit local 
anesthetic activity, and compounds of totally 
different chemical structure produce similar 
CNS depressant effects. These examples do 
not negate the significance of the structure- 
activity relationship, but merely emphasize 
that' much remains to be learned of the basic 
mechanisms of action of most drugs and 
that they may produce overtly similar effects 
by more than a single mechanism. 

Drug Receptors. The cell component di- 
rectly involved in the initial action of a drug 
is usually termed its receptive substance or, 
simply, its receptor. The chemical groups 
that participate in drug-receptor combina- 
tion and the adjacent portions of the receptor 
that favor or hinder access of the drug to 
these active groups are known as receptor 
groups or receptor sites. The formation of 
the drug-receptor complex, the initial action 
of the drug, and the early events in the ac- 
tion-effects sequence are sometimes referred 
to collectively as the receptor process. Drug- 
cell interactions that do not initiate drug 
action, such as the binding of drugs to 
plasma and cell proteins and to enzymes 
concerned with biotransformation and trans- 
port of drugs, are said to involve secondary 
, receptors, silent receptors, sites of loss, 
storage sites, or drug acceptors. 

Receptors and Theories of Drug Action. 
As early as 1878, even before he coined the 
term receptive substance, Langley suggested 
that drug-cell combinations, and hence the 
actions and effects of drugs, were probably 
governed by the law of mass action. This 
view was extensively developed by A J 
Clark in the 1920s, and it remains the key- 
stone of most theories of drug action. Thus, 
theories of drug action are quite similar to 
theories of enzyme action and are essentially 
identical when a drug serves as an antime- 
tabolite or enzyme inhibitor. 

A drug that combines with receptors and 
inmates an action-effects sequence is said to 
possess both affinity and efficacy (or intrin- 
sic r activity) and is termed an agonist; one 
that combines with the same receptors but 
fails to initiate drug action is considered to 
£ y and acts as a competitive an- 
«sonist. An agonist that produces a smaller 



maximal effect than do other agonists that 
act on the same receptor is said to have 
intermediate efficacy and is termed a partial 
agonist. The effects of a partial agonist and 
those of a full agonist acting on the same re- 
ceptor may be additive, or the partial agonist 
may antagonize the full agonist, depending 
upon their relative concentrations. Many 
examples of partial agonists have been noted 
among the autonomic agents, and nalorphine 
and related so-called opioid antagonists ap- 
pear to be partial agonists for certain 
opioid receptors. Why various drug-receptoi 
combinations differ in their ability to initiate 
drug action remains to be explained. 

The major value of receptor theory is tha^ 
of providing a conceptual framework foi 
analysis of mechanism of drug action. How- 
ever, it must be emphasized that drug actioi 
is defined not by an equation derived fron 
receptor theory that relates dose and effec 
or that describes the pattern of drug inter 
action, but only by identification of the rol< 
of drug receptors in normal cellular func 
tion and by characterization of the action 
effects sequence. 

For certain applications of receptor theory, it i 
necessary to assume some relationship betweei 
drug-receptor interaction and intensity of dm. 
effect. In the classical receptor theory develops 
by Clark, it was assumed that drug effect is propor 
tional to the fraction of receptors occupied by dnif 
and that maximal effect results when all receptor 
are occupied. Neither of these assumptions i 
likely, and subsequent modifications of occupatio 
theory have assumed other relationships betwee 
receptor occupation and drug effect and have pei 
mitted the possibility that maximal effect may b 
achieved when only a portion of receptors is occt 
pied. The latter concept is described as that c 
spare receptors or receptor reserve. It has als 
been proposed that drug effect may be a functio 
not of receptor occupation but of the rate of druj 
receptor combination. This rate theory is attracth 
because it relates drug efficacy to the rate of di: 
sociation of the drug-receptor complex and explair 
certain other aspects of the time course of dru 
effect. 

Although receptors for most drugs have yet t 
be identified, there is little doubt that drug-ce 
combinations that obey mass-law kinetics are ii 
volved in drug actions. The many discrete relatioj 
ships between chemical structure and biological a 
tivity and the competitive interaction of chemical 
similar drugs are difficult to explain except in the: 
terms. Receptor groups, like the active centers i 
enzymes, are thought to be carboxyl, amin 
sulfhydryl, phosphate, and similar reactive grou] 
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spatially oriented in a pattern complementary to 
that of the drugs with which they react. The binding 
of drug to receptor is thought to be accomplished 
mainly by ionic and other relatively weak, reversi- 
ble bonds. Occasionally, firm covalent bonds are 
involved, and the drug effect is only very slowly 
reversible. 

Classification of Receptors and Drug Ef- 
fects. The statement that a drug activates 
or blocks specified drug receptors should not 
be mistaken as a description of its mecha- 
nism of action. Drug receptors are classified 
on the basis of the effect, or lack of effect, 
of selective antagonists and by the relative 
potencies of representative agonists. For ex- 
ample, the effects of acetylcholine that mimic 
those of the alkaloid muscarine and that are 
selectively antagonized by atropine are 
termed muscarinic effects. Other effects of 
acetylcholine that mimic those of nicotine 
and that are not readily antagonized by atro- 
pine but are selectively blocked by other 
drugs are described as nicotinic effects. By 
extension, these two types of cholinergic ef- 
fects are said to be mediated by muscarinic 
or nicotinic receptors. Such classification of 
receptors contributes little to delineation of 
mechanism of drug action. Nevertheless, 
since the effects and receptors in the various 
tissues have been classified, a statement that 
a drug activates or blocks a specified type 
of receptor is a succinct summary not only of 
its spectrum of effects but also of the drugs 
that it will antagonize, or that will antagonize 
it. The use of receptor terminology to de- 
scribe drug effects has been developed most 
extensively in connection with neurotrans- 
mitters and autonomic drugs, but the same 
concepts apply to other classes of drugs. 
However, receptor terminology is useful only 
if the drugs chosen for classifying drug re- 
ceptors are selected in a meaningful manner, 
and if the effects of these drugs have been 
well characterized. 

Sites of Action. Some drugs act only on 
certain cells, tissues, or organs and thereby 
exert localized effects. Other drugs act on 
most cells of the body and thus exert gen- 
eralized effects. Localization of drug effect 
does not necessarily depend upon selective 
distribution of the drug. Some drugs act 
extracellularly; others, at the cell surface; 
and still others, intracellular^ . 
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Certain drugs act directly on effector cells; 
others influence effector cells indirectly. A 
substance may lower blood pressure directly 
by inhibition of vascular smooth muscle, or 
indirectly by acting on the vasomotor center 
or on autonomic ganglia. Drugs may also 
produce their effects indirectly by promoting 
or preventing the action of another sub- 
stance. Many of the effects of neostigmine 
are due to the preservation of acetylcholine 
at neuroeffector junctions, as a result of in- 
hibition of the enzyme that normally destroys 
this neurotransmitter; and many of the effects 
of atropine are the result of competition 
with acetylcholine for its effector sites. 

Biochemical and Biophysical Mechanisms 
of Action. The clinical effects of a drug can 
usually be described in terms of alterations 
of physiological function, and they can often 
be correlated with biochemical and biophys- 
ical effects of the agent. However, the pri- 
mary actions of drugs have been elucidated 
in relatively few cases. Not infrequently, 
analysis of drug action is limited by available 
physiological and biochemical knowledge. 
Elucidation of basic cellular function and 
further exploration of drug action then pro- 
ceed in parallel, often with the drug serving 
as an indispensable tool. 

There are a few instances in which the mecha- 
nism of drug action is evident. Magnesium sulfate 
acts as a cathartic because the magnesium and 
sulfate ions are poorly absorbed and, therefore, 
exert an osmotic force that retains water in the 
lumen of the bowel. Also, dimercaprol (BAL) and 
other agents are useful in therapy of heavy-metal 
intoxication because they chelate with these metals 
to render them nontoxic. 

Drugs may act by influencing the bound forms 
of endogenous, physiologically active substances. 
For example, the pharmacological effects of some 
drugs have been traced to the displacement of hor- 
mones, such as thyroxine, estradiol, and Cortisol, 
from their binding sites on plasma proteins. Sim- 
ilarly, the pharmacological effects of tyramine re- 
sult from release of norepinephrine from granules 
in adrenergic nerve terminals, and some anti- 
adrenergic agents prevent the release of stored 
mediator. Other antiadrenergic drugs inhibit bind- 
ing or decrease synthesis of norepinephrine and 
deplete the neurotransmitter from the nerve end- 
ings. 

Drugs may also act by influencing any of the 
steps involved in maintenance of normal cell func- 
tion. Thus, they may enhance or prevent the en- 
trance into the cell of substances necessary for 



energy production, synthetic reactions, or main- 
tenance of the osmotic and electrical properties of 
the cell. These changes may be brought about 
either by interactions with specific drug receptors 
or by changing the structure of the surroundina 
solvent without interacting with the cells directlv- 
general anesthetics may act in this latter wav 
Transport ofglucose into cells is enhanced by insu- 
lin, the uptake of choline .by nerve cells is blocked 
by hemicholmium active transport of sodium and 
potassium is inhibited by digitalis, and the perme- 
ability of the neuromuscular junction to ions k 
increased by acetylcholine. Many drugs inhibit or 
enhance enzyme activity or influence energy pro- 
duction. For example, epinephrine enhances liver 
phosphorylase activity by accelerating the formation 
of cyclic adenosine-3',5'-monophosphate through 
the actuation of the enzyme adenyl cyclSe. Agent 
such as salicylates, thyroxine, and 2,4?dinitrophS 
m high dosage uncouple phosphorylation from ox° 
dahon Uncoupling by thyroxine has been a - 
tnbuted to a change in the spatial arrangement of 
mitochondrial enzymes as a result of swE but 
this ,s not the primary action of the hormone siS 
toe mechamsm whereby the swelling of ^ 
chondria is produced must still be elucidated Tn 
physiological doses, however thvro*fn? ™ 
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effects of a drug need not have the same 

aZSZT ■?? CffeCt is COmmonI y c har- 
actemed by its latency, time of peak effect, 

and duranon Although also modified ind^ 

ffi * e aclors influence duration 
pf effect, the latent period between admin- 
istrate of the drug and onset of effect is 
determined largely by the route of admin- 
mrabon and the rates of absorption and 
di ^button of the drug. The rate of biotrans- 
formation to an active metabolite may also 

^r,? 0 ^ S ™ Uarly ' also mod- 

uied by continuing absorption from the site 
of administration, duration of effect is deter- 
mined primarily by the rates of inactivation 
and excretion of the drug. In addition, re- 
distribution from its locus of action to storage 
sites physiological reflexes, and develop- 
ment of drug tolerance may also contribute 
to termination of drug effect. In most cases 

f ls . increase d> latency is reduced 
and duration is prolonged. Duration of effect 
is ako conveniently expressed in terms of 
the half-times for decline of effect and, when 
it closely parallels drug effect, for decline 
ot plasma concentration of the drug These 

usSnff? ° f CffeCt m Particularly 

useful for descnbing dosage schedules for 
chronic medication. 



The Dose-Effect Relationship. Ideally 
the relationship between dose and effect is 
based upon the effects attained under equi- 
librium conditions. However, in practice 
the dose-effect relationship is commonly de- 
rived from the peak effects after single doses 
of the drug. There is no single characteristic 
relationship between intensity of drug effect 
and drug dosage. A dose-effect curve may be 
linear, concave upward, concave downward 
or sigmoid. Moreover, if the observed effect 
is the composite of several effects of the 
drug, such as the change in blood pressure 
produced by a combination of cardiac vas- 
cular, and reflex effects, the dose-effect curve 
need not be monotonic. However, a com- 
posite dose-effect curve can usually be re- 
solved into simple curves for each of its 
components; and simple dose-effect curves 
whatever their precise shape, can be viewed 
as having four characterizing parameters: 
potency, slope, maximum efficacy, and vari- 
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ability. These are illustrated in Figure 1-3 
for the common sigmoid log dose-effect 
curve. The logarithmic transformation of 
dosage is often employed for the dose-effect 
relationship, because it permits display of a 
wide range of doses on a single graph, and 
because it has certain mathematical advan- 
tages when dose-effect curves are compared. 
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Figure 1-3. The dose-effect relationship. 

Representative dose^effect curve, illustrating 
its four characterizing parameters (see text 
for explanation). 

Potency. The location of its dose-effect 
curve along the dose axis is an expression of 
the potency of a drug. Potency is influenced 
by the absorption, distribution, biotransfor- 
mation, and excretion of a drug, as well as 
being determined by its inherent ability to 
combine with its receptors. Potency is a rela- 
tively unimportant characteristic of a drug, 
since it makes little difference whether the 
effective dose of a drug is 1 M g or 100 mg, 
as long as the drug is administered in ap- 
propriate dosage. Potency is not necessarily 
correlated with any other characteristic of a 
drug, and there is no justification for the view 
that the more potent of two drugs is clinically 
superior. Low potency is a disadvantage only 
if the effective dose is so large that it is awk- 
ward to administer. Extremely potent drugs, 
particularly if they are volatile or are alv 
sorbed through the skin, may be hazardous 
and may require special handling. 

For therapeutic applications, the potency 
of a drug is necessarily stated in absolute 
dosage units (25 fig, 10 mg/kg, etc.); for 
comparison of drugs, relative potency, the 
ratio of equieffective doses (y 10 x, 5 x, etc.) 
is a more convenient expression. 

Slope. The slope of the more-or-less lin- 
ear, central portion of the dose-effect curve 



is of more theoretical than practical impor- 
tance. For example, a steep dose-effect curve 
for a CNS depressant implies that there is 
a small ratio between the dose that produces 
coma and that which causes mild sedation, 
and that excessive or inadequate effect may 
occur if the dose of the drug is not carefully 
adjusted. Nevertheless, many factors influ- 
ence the margin of safety of a drug and the 
variability of its effects, and these character- 
istics of a drug are properly expresed by 
methods that summarize the contributions 
of all factors (see below). It should be noted 
that doubling the dose of a drug does not 
necessarily produce twice the effect, and the 
quantitative relationships between dose and 
effect should not be confused in this manner. 

The significance of the slope and shape of 
the dose-effect curve in analysis of drug ac- 
tion is beyond the scope of the present dis- 
cussion. However, it deserves passing men- 
tion that mere parallelism of their dose-effect 
curves is not a reliable basis for concluding 
that different drugs produce their effects by 
the same mechanism. 

Maximum Efficacy. The maximum effect 
produced by a drug, even at very large dos- 
age, is termed its ceiling effect and is referred 
to as its maximum efficacy or, simply, ef- 
ficacy. Maximum efficacy of a drug may be 
determined by its inherent properties and be 
reflected as a plateau in the dose-effect curve, 
but it may also be imposed by other factors! 
If the undesired effects of a drug limit its 
dosage, its efficacy will be correspondingly 
limited, even though it is inherently capable 
of producing a greater effect. Maximum ef- 
ficacy of a drug is clearly one of its major 
characteristics. One of many important dif- 
ferences between morphine and aspirin is 
that the opiate has sufficient efficacy to pro- 
vide relief of pain of nearly all intensities, 
whereas the salicylate is effective only against 
mild-to-moderate pain. 

Efficacy and potency of a drug are not 
necessarily correlated, and these two char- 
acteristics of a drug should not be confused. 

Biological Variation. The more impor- 
tant factors that modify drug effect are sum- 
marized later in this chapter. However, even 
when all known sources of variation are con- 
trolled or taken into account, drug effects are 



never identical in all patients, or even in a 
given patient on different occasions. A dose- 
effect curve applies only to a single indi- 
vidual under carefully controlled conditions 
or to the average individual. The perpendic- 
ular brackets in Figure 1-3 indicate that 
biological variation of the dose-effect rela- 
tionship can be visualized in either of two 
ways. The vertical bracket expresses the fact 
that a range of effects will be produced if a 
given dose of a drug is administered to a 
group of individuals; alternatively, the hori- 
zontal bracket expresses the fact that a range 
of doses is required to produce a specified 
intensity of effect in all individuals. 

Dose-Percent Curve. The dose of a drug 
required to produce a specified intensity of 
effect in an individual is termed the indi- 
vidual effective dose. Individual effective 
doses of most drugs are lognormally dis- 
tributed, which means that the familiar 
normal curve of variation is obtained if the 
logarithms of the individual effective doses 
for a group of patients are expressed as a 
frequency distribution. A cumulative fre- 
quency distribution of individual effective 
doses, that is, the percentage of individuals 
that exhibit the effect plotted as a function 
of logarithm of dose, is known as a dose- 
percent curve. Although also a sigmoid curve, 
the dose-percent curve is not a dose-effect 
curve but merely an expression of individual 
variability for a single effect. 
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effect at unexpectedly low dosage, the indi- 
vidual is said to be hyperreactive. Hyperre- 
activity should not be described as hypersen- 
sitivity, since this term is usually used to refer 
to the pattern of effects associated with drug 
allergy. Hyperreactivity to a drug should be 
termed supersensitivity only if the increased 
sensitivity is the result of denervation If a 
drug produces its usual effect only at unusu- 
ally large dosage, the individual is said to be 
hyporeactive. Hyporeactivity is also described 
as tolerance, but this term has the connota- 
tion of hyporeactivity acquired as the result 
of prior exposure to the drug. Tolerance that 
develops rapidly after administration of only 
a few doses of a drug is termed tachyphylaxis 
Hyporeactivity should be described as im- 
munity orAy if the acquired tolerance is the 
result of antibody formation. 

An unusual effect of a drug, of whatever 
intensity and irrespective of dosage, that oc- 
curs m only a small percentage of individuals 
is often termed idiosyncrasy. However, this 
term is frequently considered a synonym for 
drug allergy and has so many other connota- 
tions that it probably should be abandoned 
Unusual effects of drugs have also been 
called meta reactions, but this term has not 
gained wide acceptance. Perhaps unusual 
effects of drugs are best described as such or 
by terms that refer to the underlying mech- 
anism; they are often types of drug allergy 
or a consequence of genetic differences. 

Selectivity. A drug is usually described 
by its most prominent effect or by the action 
thought to be the basis of this effect. How- 
ever such descriptions should not obscure 
the fact that no drug produces only a single 
effect. Morphine is correctly described as an 
analgesic, but it also suppresses cough and 
causes sedation, respiratory depression, con- 
stipation, bronchiolar constriction, release of 
histamine, antidiuresis, and a variety of other 
effects. A drug is adequately characterized 
only in terms of its full spectrum of effects 
The relationship between the desired and 
undesired effects of a drug is termed its thera- 
peutic index, margin of safety, or selectivity 
Rarely is a drug sufficiently selective to be 
described as being specific. For therapeutic 
applications, selectivity of a drug is clearly 
one of its more important characteristics. 
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Because the ideal drug produces its desired 
effect in all patients without causing toxic 
effects in any, and because dose-percent 
curves need not be parallel, it is sometimes 
argued that therapeutic index should be de- 
fined as the ratio between the minimum toxic 
dose and the maximum effective dose. How- 
ever, minimum and maximum effective doses 
cannot be estimated with precision, and thera- 
peutic index is usually defined as the ratio 
between the median toxic dose and the me- 
dian effective dose (TD50/ED50). In lab- 
oratory studies, therapeutic index is often 
based upon the median lethal dose (LD50/ 
ED50). In clinical studies, drug selectivity is 
often expressed indirectly by summarizing 
the pattern and incidence of adverse effects 
produced by therapeutic doses of the drug 
and by indicating the proportion of patients 
who were forced to decrease drug dosage or 
discontinue medication because of adverse 
effects. These indirect procedures are often 
adequate, but comparison of dose-effect 
curves for desired and undesired effects is 
more consistently meaningful and is preferred 
whenever feasible. 

A drug does not have a single therapeutic 
index, but many. The margin of safety of 
aspirin for relief of headache is greater than 
its margin of safety for relief of arthritic 
pain, since the latter use requires larger dos- 
age. Similarly, several therapeutic indices 
can be calculated for each desired effect. A 
synthetic opiate substitute may cause less 
constipation than morphine and yet afford 
no advantage over the parent compound with 
regard to respiratory depression or sedation. 
Moreover, a drug may be selective within 
one context yet still be nonselective within 
another. The antihistamines are correctly 
described as selective antagonists of hista- 
mine, yet none of these drugs produces this 
selective peripheral effect without also caus- 
ing significant central sedation. Finally, a 
drug may be correctly described as having 
an adequate margin of safety in most pa- 
tients, but this description is meaningless for 
the patient who exhibits an unusual response 
to the drug. Penicillin is essentially nontoxic 
in the majority of patients, yet it has caused 
death in those who have become allergic to it. 

Biological Assay. Alkaloids and other 



highly purified drugs obtained from plants 
and animals can usually be standardized by 
their chemical or physical properties. How- 
ever, drugs that are only partially purified, 
such as certain digitalis preparations and 
various hormones, vitamins, antibiotics, and 
vaccines, must be standardized by their bio- 
logical properties. The estimation of the 
relative potencies of such preparations by 
comparison of their biochemical, pharma- 
cological, or toxic effects is termed biological 
assay or, simply, bioassay. An effect of the 
preparation is compared with that of a refer- 
ence standard under carefully controlled con- 
ditions. The reference standard is usually a 
highly purified, often crystalline, preparation 
of the substance being assayed. The potency 
of a preparation standardized by biological 
assay is usually expressed in units, or weight 
equivalent, of the reference standard. Official 
drugs have legally required methods of assay, 
and both the assay procedure and the refer- 
ence standard are rigidly defined. These are 
often the same as those specified by an inter- 
national committee. Nonofficial preparations 
that are assayed by different methods or 
against different reference standards may 
vary considerably in relative potency. 

FACTORS THAT MODIFY DRUG 
EFFECTS AND DRUG DOSAGE 

Many factors modify the effects of drugs. 
Some of these, such as the development of 
drug allergy, result in qualitative differences 
in the effects of a drug and may preclude its 
safe use. Others produce only quantitative 
changes in the usual effects of the drug and 
can be offset by appropriate adjustment of 
dosage. These variables must be taken into 
account before a drug is prescribed, and a 
stated therapeutic dose of a drug must be 
viewed only as the anticipated dose for the 
average patient or that from which to esti- 
mate the dose for an individual patient. In- 
deed, the optimal dosage for many drugs is 
determined for each patient only by careful 
monitoring of drug effect. It is for this reason 
that it is appropriate to state that the dose 
of a drug is "enough" The physician's legal 
responsibility if he deviates from dosages 
recommended in official compendia or in the 
manufacturer's package insert has been sum- 
marized in a Council Conference (1969). 



Factors That Modify Drug Effects and Drug Dosage 



The following are the more important fac- 
tors that influence the therapeutic dose of 
a drug. 

Body Weight The ratio between the amount 
of drug administered and body weight influences 
the concentrations of the drug at its sites of action 
Therefore, drug dosage should be suitably adjusted 
particularly for abnormally lean or obese indi- 
viduals. For adjustment of drug dosage over a 
wide range of body sizes, body surface area is often 
a more satisfactory index than is body weight. 

Age. Children are often more sensitive than 
adults to drug-induced changes in water and 
electrolyte or acid-base metabolism. Special ore- 
caution must also be taken in the use of hormones 
or other drugs that might influence growth and de- 
velopment. Very young infants, particularly prema- 
ture babies, may be abnormally sensitive to many 
drugs because of immaturity of renal function or of 
the enzymatic mechanisms for drug inactivation, or 
because of ^complete development of the blood- 
brain barrier The effects of drugs on the immature 
brain may also be somewhat unusual 

Although drug dosage for older children mav be 
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the carbonic anhydrase inhibitors but increases 
those of the organic mercurials. Similarly, hypo- 
thermia decreases blockade of neuromuscular trans- 
mission by tubocurarine but increases that by 
succinylcholine. Likewise, the effects of drugs may 
be increased or decreased after denervation. 

The effects of drugs, just as those of disease, may 
be manifest as encroachment upon physiological 
reserve rather than as an overt effect, and this 
factor must also be considered when drugs are pre- 
scribed. Ganglionic blocking agents and other drugs 
that impair compensatory sympathetic reflexes may 
have minimal effects upon the blood pressure of a 
recumbent individual, yet cause orthostatic collapse 
when he assumes an upright posture. This principle 
is important in establishing proper dosage of drugs 
in the therapy of hypertension and in selecting 
drugs for preanesthetic medication. Similarly, 
respiratory depression may be manifest primarily as 
respiratory acidosis with only minimal reduction 
of rate or depth of breathing or of alveolar venti- 
lation. Failure to appreciate this fact is often re- 
sponsible for underestimation of the depressant 
effects of drugs on respiration. 

Pathological State* The effects of certain drugs 
are also considerably modified by pathological con- 
ditions. Patients with chronic pulmonary disease or 
increased intracranial pressure are often unusually 
sensitive to morphine and other respiratory depres- 
sants. Conversely, the hyperthyroid individual can 
tolerate larger doses of morphine than can the 
normal person, but he is responsive to a dose of 
epinephrine that would scarcely affect a person 
with normal thyroidal function. Nutritional de- 
ficiencies may also modify the effects of drugs. 

Activity of the hepatic microsomal enzymes in- 
volved in drug metabolism may be reduced in 
certain types of hepatic disease. Unfortunately, re- 
duced microsomal activity is not consistently corre- 
lated with impaired hepatic function detected by 
the conventional functional tests. 

Milieu. Many drug effects, particularly those on 
mood and behavior, and the subjective effects of 
drugs in general, are often susceptible to environ- 
mental factors or the "set" imparted at the time 
of drug administration. The CNS depressants may 
improve psychomotor performance under one set 
of experimental or clinical conditions yet impair 
such performance under other conditions. Similarly, 
the subjective effects associated with dummy medi- 
cation in controlled clinical trials vary widely, de- 
pending upon the effects of active medication being 
evaluated concurrently, the manner in which the 
subjective effects are elicited, and many other fac- 
tors. 

Genetic Factors. Genetic factors contribute to 
the normal variability of drug effects and are re- 
sponsible for a number of striking quantitative and 
qualitative modifications of pharmacological activ- 
ity. Many of these differences, such as the pro- 
longed apnea in some patients after administration 
of usual doses of succinylcholine (a neuromuscular 



blocking agent) have been traced to genetic influ- 
ences on the concentrations of enzymes involved in 
drug biotransformation. Other variations in drug 
effect, such as the greater incidence of drug-in- 
duced hemolytic anemia in non-Caucasians than in 
Caucasians, also have been found to be related to 
genetically determined enzyme patterns that modify 
the actions of drugs. 

The objectives of pharmacogenetics include not 
only identification of differences in drug effects that 
have a genetic basis but also development of simple 
methods by which susceptible individuals can be 
recognized before the drug is administered. 

Drug Interaction. The effects of a drug may be 
modified by prior or concurrent administration of 
another drug, and improved therapy is sometimes 
possible by judicious use of concurrent medication. 
However, serious adverse effects may also result 
from drug interaction. Since a patient frequently 
receives five or more drugs during the course of an 
illness, the possibility of unplanned combination of 
drug effects must also be considered. Drug inter- 
actions may arise either from alteration of the ab- 
sorption, distribution, biotransformation, or excre- 
tion of one drug by the other, or from combination 
of their actions or effects. 

Multiple-drug therapy is justified if it provides 
greater efficacy than can be achieved with full 
doses of single drugs, greater margin of safety, or 
more satisfactory onset or duration of effect. Some- 
times a drug is administered in combination with 
another to antagonize an untoward effect. How- 
ever, it is usually more desirable to reduce the dose 
of the toxic drug or to change medication, rather 
than to resort to combined medication. Whatever 
the rationale for multiple-drug therapy, the effi- 
cacy and safety of the combined medication must 
be evaluated in the same manner as for single 
drugs. 

Drug Mixtures. A distinction must be made be- 
tween the concurrent, but separate, administration 
of drugs and their administration together as a 
fixed-dose mixture. Occasionally, as illustrated by 
the sulfonamide mixtures, the use of fixed-dose 
mixtures is justified. However, most mixtures of 
drugs have distinct disadvantages, and their use 
may involve frank risk. Careful adjustment of 
dosage is almost always required to attain the 
maximum benefits from combined medication with 
a minimum of untoward effects. In some cases, 
proper timing of drug administration may also be 
important. The flexibility of dosage and timing es- 
sential for the success of combined medication is 
sacrificed if fixed-dose mixtures are used. In addi- 
tion, the use of mixtures often complicates therapy, 
since, if toxic effects occur, it may be impossible to 
identify the component responsible, and all medica- 
tion must then be discontinued. The use of mix- 
tures also fosters multiple-drug therapy without 
first establishing the need for more than one drug. 
When this occurs, needless expense is imposed upon 
the patient, and he is unnecessarily exposed to the 
risk of toxicity from the superfluous components. 
Additionally, the indiscriminate use of drug mix- 
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tures fosters careless diagnosis and inappropriate 
therapy. 

Terminology. Descriptions of the combined ef- 
fects of drugs are often ambiguous, because the 
terms addition, summation, synergism, and antago- 
nism are not employed consistently. The usage out- 
lined here is that of Loewe (1953). 

Two drugs are said to be heterergic for a par- 
ticular effect if the effect is manifested by one of the 
drugs but is absent from the spectrum of the other. 
If the combined effects of heterergic drugs are 
greater than those of the active component alone, 
they are said to exhibit synergism; if the combined 
effects are less than those of the active component 
alone, the interaction is termed antagonism. Al- 
though often employed as a synonym for synergism, 
the term potentiation should be abandoned, since 
it has erroneously acquired the connotation of 
clinical superiority. 

Heterergic synergism and antagonism often re- 
sult from alterations in the distribution, biotrans- 
formation, or excretion of the active component. 
Heterergic antagonism may also involve interaction 
of the two drugs at the same receptor. If the 
antagonist acts reversibly, competitive antagonism 
results; if it acts irreversibly, the interaction is 
termed nonequilibrium antagonism. Receptor an- 
tagonism is usually selective for a given agonist. If 
the two drugs form an inactive complex, the inter- 
action is termed chemical antagonism. 

The interaction of drugs that have overtly op- 
posite effects is termed physiological or functional 
antagonism; such antagonism is usually nonselec- 
tive and noncompetitive. 

If two drugs produce the same overt effect, they 
are termed homergic. Descriptions of the combined 
effects of such drugs are intended to indicate 
whether they are equal to, or greater or less than, 
those expected by simple addition. However, two 
types of additive behavior can be distinguished. If 
the drugs are close congeners that act on the same 
receptors (e.g., epinephrine and norepinephrine), 
doses of one drug should substitute for those of 
tne other in proportion to their relative potency, 
^•♦ W !. d . e range of combinations. Only drugs that 
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toxicity during chronic medication, a maintenance 
dose of the drug must be administered at dosage 
intervals that balance the rates of inactivation and 
excretion. To avoid excessive fluctuation of effect 
between doses when the drug is rapidly absorbed 
maintenance doses must be administered at fre- 
quent intervals, perhaps one sixth or less of the 
half-time for inactivation and excretion of the drug 
Alternatively, the drug may be administered by con- 
stant intravenous infusion or as a repository prep- 
aration that provides slow, continuous absorption 
over an extended interval. If medication is initiated 
on a dosage schedule subsequently suitable for 
maintenance of effect, attainment of the desired 
effect is necessarily delayed. However, the effect 
may be achieved more promptly by administration 
°k ° n l ° r m0re primin 8 doses somewhat larger 
than the subsequent maintenance doses. Chronic 
medication is often complicated by the develop- 
ment of drug tolerance and by the fact that 
medication is frequently interrupted during the 
hours of sleep. In addition, patients often fail to 
take medication as consistently and as regularly 
as directed. 6 y 

DRUG TOXICITY 

No drug is free of toxic effects. They may 
be trivial, but on occasion they are serious 
and may be fatal. Some appear promptly, 
but others may not develop until after pro-' 
longed medication. Still others occur only in 
certain patients or only in combination with 
other drugs. Some toxic effects of certain 
drugs, such as hemorrhage during anticoag- 
ulant medication, are an extension of the 
desired effects and can be avoided by proper 
adjustment of dosage. On the other hand, 
the desired and undesired effects of a drug 
may be different manifestations of the same 
primary action and thus be inseparable. In 
many instances, an effect of a drug that is 
sought in one patient becomes an undesired 
effect in another when the drug is employed 
for a different purpose. The incidence of 
untoward effects of drugs varies greatly and 
unfortunately cannot always be anticipated 
from animal studies. 

Clinicians have long been aware of the 
drug-induced diseases. However, with the 
introduction into therapeutic practice of 
drugs of greater and broader efficacy, the 
problem of drug toxicity has increased, and 
it is now considered the most critical aspect 
of modern therapeutics. Not only is a greater 
variety of serious toxicity being uncovered, 
but also the average incidence of adverse 
effects of medication is increasing and unex- 
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pected toxic effects are occurring relatively 
4 frequently. There is an urgent need for the 
development of methods in animals that ac- 
curately predict the potential harmful effects 
of drugs in man. There is also need for better 
procedures for prompt collection, assessment, 
and dissemination of reports of clinical tox- 
icity. However, adverse effects do not arise 
solely because of the inherent toxicity of 
drugs and the limitations of the methods for 
early detection of this toxicity. Many of the 
adverse effects could be avoided if drugs were 
used more carefully and more wisely. The 
physician should avoid a toxic drug if a less 
toxic one will suffice; and he should, if pos- 
sible, avoid the use of concurrent medication 
and especially the use of drug mixtures, since 
one drug may affect the toxicity of another. 
Moreover, he must be aware of the potential 
hazards of the drugs that he uses, and he 
must be prepared to act promptly if toxicity 
occurs. He must be especially alert for the 
unexpected. 

A brief consideration of several of the 
more serious drug-induced diseases will in- 
troduce the reader to this important aspect 
of pharmacology. 

Drag Allergy (Hypersensitivity). Al- 
though the incidence of allergic reactions to 
most drugs is low, the list of known offenders 
is growing steadily, and drug allergy repre- 
sents a major problem in the use of some 
drugs. In addition, there is an urgent need 
for reliable, safe methods for detecting sus- 
ceptible individuals before drug administra- 
tion. The development of such tests is com- 
plicated by the fact that metabolites of a 
drug, perhaps even minor metabolites that 
are not detected in usual biotransformation 
studies, as well as the drug itself and even 
trace impurities may serve as haptens. 

Drug allergy may take many forms, in- 
cluding the full spectrum of immediate and 
delayed types of allergic reactions produced 
by foreign macromblecules. Skin reactions 
extend from mild rash to severe exfoliative 
dermatitis. Those of blood vessels range from 
acute urticaria and angioedema to severe 
arteritis with localized medial degeneration. 
Drug fever is an allergic phenomenon that 
very closely resembles serum sickness; it is 
manifested by fever, leukocytosis, arthralgia, 



and dermatitides. Rhinitis, asthma, and even 
anaphylactic shock are other familiar allergic 
responses that can be precipitated by drugs. 

Hepatocellular damage, cholestatic jaun- 
dice, renal tubular necrosis, depression of 
hematopoietic functions, photosensitivity, 
and a number of additional adverse effects 
of drugs may also be manifestations of drug 
allergy. 

Blood Dyscrasias. Leukopenia, granulo- 
cytopenia, aplastic anemia, hemolytic anemia, 
thrombocytopenia, and, in some cases, de- 
fects in the clotting factors are serious, some- 
times fatal, complications of drug therapy. 
Although drug allergy is responsible for 
many of the cytopenias, certain of the blood 
dyscrasias are believed to result from a direct 
toxic effect of drugs on bone marrow. The 
most common basis for drug-induced he- 
molytic anemia is a genetically determined 
deficiency in red-cell glucose-6-phosphate de- 
hydrogenase activity. 

Hepatotoxicity and Nephrotoxicity. Be- 
cause drugs are concentrated in the liver and 
kidney, damage to these organs by a direct 
toxic effect of drugs is not uncommon. 
Hepatotoxicity and nephrotoxicity may also 
occur as forms of drug allergy. Well-recog- 
nized adverse effects on the liver include 
hepatocellular toxicity, the potentially fatal 
viral hepatius-like syndrome produced by the 
halogenated hydrocarbons and other drugs, 
and intrahepatic cholestasis, a type of hepato- 
toxicity that resembles obstructive jaun- 
dice and is produced by the phenothiazines, 
certain steroids, and a number of other 
agents. In addition, a variety of drugs pre- 
cipitate hepatic coma in patients with liver 
disease. Glomerular-tubular damage is an 
important toxic effect of a number of drugs, 
including several antibiotics, and intrarenal 
precipitation of the less soluble sulfonamides 
is the major cause of the nephrotoxicity of 
these agents. 

Teratogenic Effects. Although the tha- 
lidomide tragedy dramatically emphasized 
that drugs may adversely influence fetal de- 
velopment, there is still little reliable clinical 
information about the possible teratogenic 
hazard of most drugs. For this reason, all un- 
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necessary medication should be avoided dur- 
ing pregnancy. Moreover, since pregnancy is 
often not diagnosed at the time of greatest 
vulnerability of the fetus, all drugs not known 
to be reasonably safe on the basis of long 
usage should be avoided by women of child- 
bearing age. 

Behavioral Toxicity. This term refers to 
suppression of normal anxiety, reduction in 
motivation, impairment of memory and 
learning, distortion of judgment, nonpur- 
posive or inappropriate behavior, and other 
adverse effects of drugs on mood, behavior, 
and psychological and psychometric func- 
tioning. Motor incoordination and impair- 
ment of ability to operate machinery or to 
drive a motor vehicle may also be considered 
a form of behavioral toxicity. The term has 
gained widest use in connection with psycho- 
pharmacological agents, but it applies to 
other drugs as well. 

Drag Dependence and Drug Addiction. 

Any drug that alters mood or behavior is 
likely to be abused and is potentially capable 
of producing drug dependence upon repeated 
administration. The drugs that are commonly 
abused include the opioids; the barbiturates, 
other sedative-hypnotics, and ethanol; as 
well as the amphetamines, cocaine, and vari- 
ous other psychopharmacological agents. The 
characteristics of drug dependence vary 
with the agent involved. However, one 
characteristic common to all types of drug 
dependence is psychic dependence, a drive 
or craving that requires periodic or chronic 
administration of the drug for pleasure or 
for relief of discomfort. Another feature of 
some types of drug dependence is physical 
dependence, a state characterized by the ap- 
pearance of physical symptoms when admin- 
utnticm of the drug is supended. These 
symptoms are termed the withdrawal or ab- 
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addiction. Unfortunately, the two terms con- 
tinue to be used interchangeably. Abuse of 
drugs that adversely influence mood and be- 
havior is a problem of increasing medical 
and social importance. The subject is con- 
sidered in detail in Chapter 1 6. 

Drug Poisoning. Accidental poisoning is 
a health problem of major significance. Sev- 
eral thousand deaths from chemical poison- 
ing occur annually in the United States, and 
it is estimated that the number of nonfatal 
poisonings exceeds 1 million a year. More 
than one fourth of these fatalities and about 
one half of all poisonings occur in children 
under 5 years of age. The tragedy of this 
high incidence of poisonings in childhood is 
that most of them could be avoided. 

The physician should assume an active 
role in prevention of poisoning. Parents can- 
not be too strongly urged to keep drugs out 
of reach of children, preferably in a "locked" 
cabinet, and to teach them that medicinals 
are not candy. The many common house- 
hold articles that are poisonous should be 
made unavailable to children, and poisonous 
pesticides and herbicides should not be 
placed in the home. Indoctrination against 
accidental poisoning must also be directed to 
adults. They should be urged to read and 
heed labels on medicines, and they should 
be encouraged to discard residual prescrip- 
tion drugs that are no longer needed. Acci- 
dental poisoning among adults is not uncom- 
mon and usually results either from attempts 
at self-medication or from mistaking one 
drug for another. 

The number and variety of drugs and 
chemicals that might be encountered in poi- 
sonings are enormous. However, the physi- 
cian should become familiar with the details 
of treatment for the more commonly en- 
countered household poisons. He should also 
be prepared to treat intoxication caused by 
agents frequently used for suicidal purposes, 
such as the barbiturates, other CNS depres- 
sants, and carbon monoxide, and to detect 
and treat those types of industrial intoxica- 
tions that might occur in his community. 
Additionally, he should take advantage of 
the services and information available to 
him through his regional Poison Control 
Center. 
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Diagnosis of Drug Poisoning. The diagnosis of 
poisoning may be difficult, since there is scarcely 
a syndrome produced by a toxic agent that cannot 
simulate disease. However, there are a number of 
helpful signs and symptoms that assist in the detec- 
tion of acute poisoning, particularly if this possibil- 
ity is included in the differential diagnosis. In 
this connection, contaminated foods are often the 
etiological agent. The onset of symptoms is usually 
sudden and follows the taking of food, drink, or 
medicine by an individual who has been previously 
well. In some cases, several individuals may suffer 
from similar symptoms after partaking of the same 
food. In addition, many drugs leave a telltale odor, 
produce irritation of the mucous membranes of the 
mouth and throat, or cause typical pharmacological 
effects. As a final check, there are often simple 
chemical tests that can be performed to confirm the 
diagnosis. 

The diagnosis of chronic poisoning is often 
more difficult. At times, the symptoms and signs 
are not sufficiently characteristic to point to the 
toxic agent, and laboratory procedures may be 
essential. In many cases, only painstaking probing 
of the patient's history, habits, daily activities, and 
working conditions leads to the diagnosis. The more 
uncommon types of industrial poisoning may go 
undiagnosed until irreparable injury has been suf- 
fered by the patient. 

Treatment of Drug Poisoning. Most emergency 
therapy of drug poisoning is symptomatic, since 
success often depends upon celerity, and valuable 
time cannot be wasted in attempts at a positive 
identification of the specific cause of the patient's 
illness. However, therapy is facilitated if the re- 
sponsible agent and the degree of exposure or the 
amount ingested can be determined. The usual 
steps taken are (1) supportive or symptomatic 
therapy, (2) termination of exposure and removal 
of the poison from the body, and (3) administra- 
tion of antidotes. 

Adequate supportive therapy is the most impor- 
tant aspect of the treatment of drug poisoning. 
Serial measurement and charting of the vital signs 
and important reflexes are helpful procedures by 
which to judge the progress of the intoxication, 
the response to therapy, and the need for addi- 
tional treatment. The patient should be kept in 
bed and warm, under competent surveillance, and 
particular attention should be paid to the respira- 
tion, circulation, hepatic and renal function, and 
acid-base and fluid-and-electrolyte balance. This 
usually necessitates hospitalization. 

Poisons that have been applied externally are 
best removed by copious washing with water, or 
v/ith a suitable organic solvent if the poison is not 
water soluble. Induced vomiting, gastric lavage, 
and oral administration of activated charcoal may 
be employed to reduce further absorption of an 
ingested poison. The relative merits of these pro- 
^oU?f ¥, Ve ^ ccn reviewe <* by Gosselin and Smith 
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Much emphasis has been placed on the use of 
emetics, since vomiting may be as productive as 
gastric lavage and can be instituted more promptly. 
However, such drugs are contraindicated in the 
unconscious patient, and they may not be effective 
if the patient has ingested a CNS depressant. Ipecac 
syrup is orally effective, but vomiting may not occur 
for 20 to 30 minutes. It is not dependable if the 
patient has previously received activated charcoal. 
Apomorphine acts more promptly and certainly, 
but it must be administered parenterally. It may 
also cause protracted emesis and CNS depression. 
Powdered mustard, administered orally as a sus- 
pension in warm water, is a household article that 
can be administered in an emergency. Mechanical 
stimulation of the oropharynx is unreliable and 
relatively ineffective. 

Gastric lavage, when performed by a trained 
person, is an effective method for evacuation of 
the stomach. However, the procedure is time con- 
suming and may not be reliable if the poison is 
insoluble. Care must be taken to prevent aspiration 
of gastric contents or lavage fluid into the lungs. 
After the stomach has been thoroughly emptied, a 
saline cathartic is sometimes administered through 
the stomach tube to diminish further intestinal ab- 
sorption of the poison. 

Activated charcoal, administered orally as a fine 
powder suspended in water, adsorbs a wide variety 
of chemicals (but not cyanide) and is an effective 
procedure for retarding absorption of ingested 
poisons. Since the combination of drug and char- 
coal is usually reversible, the gastric contents 
should be removed by lavage or by apomorphine- 
induced vomiting. The so-called universal antidote, 
a mixture of activated charcoal, magnesium oxide, 
and tannic acid, should be abandoned, since it is 
less effective than activated charcoal alone. House- 
hold articles that are somewhat useful for dilu- 
tion or adsorption of poisons are milk, beaten egg 
white, flour and starch. Burnt toast is ineffec- 
tive. 

In some instances, the renal excretion of a drug 
can be increased by administration of an osmotic 
diuretic and by appropriate acidification or alkalini- 
zation of the urine. Volatile substances that are 
excreted by the lungs can often be more rapidly 
eliminated by stimulating respiration, and the inha- 
lation of carbon dioxide is sometimes employed for 
this purpose. In cases of severe drug intoxication, 
elimination of the drug by peritoneal dialysis or by 
use of the artificial kidney is a highly effective pro- 
cedure. 

Antidotes serve only a limited role in the treat- 
ment of drug poisoning, even when the poison has 
been identified, because there are safe, effective, 
selective antagonists for relatively few drugs. Those 
that are available for individual poisons and drugs 
are discussed throughout the text Outstanding 
examples are the use of chelating agents in metal 
poisoning, nitrites and thiosulfate in cyanide in- 
toxication, methylene blue in methemoglobinemia, 
and atropine and reactivators of acetylcholines- 
terase in poisoning by insecticides and other drugs 
that inhibit the enzyme. 



Development, Evaluation, and Control of Drugs 



DEVELOPMENT, EVALUATION, 
AND CONTROL OF DRUGS 

The average practitioner is not usually di- 
rectly concerned in the evaluation of drugs. 
Nevertheless, he must know something about 
the development and evaluation of thera- 
peutic agents, since this knowledge has an 
important bearing on his attitude toward new 
drugs and their use. The physician must also 
be familiar with the laws that regulate the 
use of medicinals. 

Sources and Discovery of New Drugs. 

The earliest medicinals were crude powders, 
juices, or extracts from animal, plant, and 
mineral sources, and these continued to be 
the only drugs until early in the nineteenth 
century. However, once advances in chemis- 
try permitted the isolation, purification, and 
identification of the active constituents of 
these substances, it was just a step to struc- 
tural modifications of existing drugs, the 
synthesis of new ones, and the beginning of 
the modern age of pharmacotherapy. 

New therapeutic agents are discovered by 
screening, structural modification of estab- 
lished drugs, or accident. Screening refers to 
the testing of random compounds for selected 
types of pharmacological activity. The test- 
ing of thousands of soil samples for antibiotic 
activity is an example of this time-consum- 
ing, somewhat unsophisticated, relatively 
inefficient approach. However, it has the im- 
portant advantage that it can uncover valu- 
able new chemical classes of drugs. 

Structural modifications of an established 
drug often yield congeners that differ only 
insignificantly from the parent and are aptly 
termed "me-too" drugs, the marketing of 
which is hard to justify. However, as dis- 
cussed in the section on structure-activity 
relationship above, such alterations do often 
yield a congener with pharmacological prop- 
erties significantly different from those of the 
SO? c ° m P ound - For example, the first 
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tnerapeutic agents, a milestone in the history 
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olites. Rapid advances in the elucidation of 
basic cellular function make it likely that 
more and more drugs of this type will be de- 
veloped in the future. 

Many significant advances in therapy in 
the past have resulted from fortuitous dis- 
covery of new drugs or new uses of estab- 
lished therapeutic agents by alert observation 
in the laboratory or clinic. Well-known ex- 
amples of this approach are the discovery of 
penicillin by Fleming and the recognition of 
the diuretic activity of organic mercurials 
employed in the treatment of syphilis. Un- 
desired effects of older agents have also been 
exploited in the development of new drugs, 
as illustrated by the evolution of the car- 
bonic anhydrase inhibitors, the antihyper- 
tensive thiazides, and the oral hypoglycemics 
from the antibacterial sulfonamides. 

Development and Evaluation of New 
Drugs. The development and evaluation of 
new drugs in the United States is rigidly con- 
trolled by federal regulations administered by 
the Food and Drug Administration (see 
below). A new drug may not be marketed 
for general clinical use until it has been sub- 
jected to thorough clinical pharmacological 
studies, and until "substantial evidence" of 
its efficacy and safety has been obtained from 
adequate, well-controlled clinical trials con- 
ducted by qualified investigators. 

Before initial studies in man are permitted, 
the full pharmacological spectrum of a new 
drug must be thoroughly and extensively ex- 
plored in animals, and both acute and 
chronic toxicity tests must be conducted on 
several species. Because of species variations, 
such studies are considered useful merely as 
evidence that the drug has sufficient promise 
and is sufficiently safe to warrant testing in 
man. Even the most extensive studies in ani- 
mals cannot substitute for successful clinical 
trials as evidence of clinical efficacy. The 
initial clinical trials of a new drug are neces- 
sarily cautious experiments, on volunteer 
normal subjects as well as patients, aimed 
primarily at establishing that the drug merits 
further study. If the initial trials in patients 
provide promise of clinical efficacy, the 
drug is subjected to thorough clinical phar- 
macological studies, and documentation of 
its efficacy and safety is sought in controlled 
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clinical trials. Only under exceptional cir- 
cumstances may a new drug be administered 
to an individual without his informed con- 
sent. 

What constitutes an adequately controlled 
clinical trial necessarily varies, depending 
upon the drug effect being evaluated. The 
more important general requirements for all 
trials are an appropriate and sensitive 
method of evaluation, an adequate number 
of subjects, lack of bias, concurrent com- 
parison of the new drug with a reference 
drug over a range of doses, and appropriate 
statistical validation Many clinical trials 
must be conducted under so-called blind 
conditions. In a blind experiment, the nature 
of the medication is concealed from the pa- 
tient (single-blind) or from both the patient 
and all persons associated with conduct and 
evaluation of the trial (double-blind). Blind 
conditions are particularly essential for trials 
in which subjective effects of medication are 
being studied; they may also be necessary 
in evaluation of certain objective drug ef- 
fects, if these are under voluntary control 
or otherwise easily biased. In addition to 
being compared with a reference drug, a 
new compound is often compared with inert 
dummy medication, to serve as a control for 
placebo effects, namely, those that are tem- 
porally correlated with administration of a 
drug but cannot be attributed to its pharma- 
cological properties. Placebo effects result in 
part from the significance of the therapeutic 
effort to the patient and the set imparted at 
the time of drug administration. However, 
other coincident effects, such as spontaneous 
remission of symptoms, also contribute to the 
value of a placebo control. 

In certain limited circumstances, a pla- 
cebo may be administered in the course of 
regular therapeutic practice. If an inert lac- 
tose capsule or an injection of saline solu- 
tion is employed for this purpose, it is termed 
a pure placebo. If a subeffective dose of a 
vitamin or other active drug is used, it is 
termed an impure placebo, since the result- 
ing placebo effect may be erroneously attrib- 
uted to pharmacological properties of the 
drug. The administration of a placebo in 
clinical practice is not a reliable procedure 
by which to distinguish between "psycho- 
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genie" and "somatic" disorders on the basis 
of whether relief of symptoms is obtained. 

Because the capacity of existing facilities 
for conducting controlled clinical trials is 
limited, and for other practical reasons, con- 
trolled trials cannot possibly be conducted 
on all types of patients or under all varieties 
of clinical conditions. Consequently, evalua- 
tion of the efficacy of a drug may continue 
well into the period of its general clinical use. 
More important, since drug toxicity may 
occur only in a limited portion of the popu- 
lation, only after long chronic use, or only in 
combination with other variables, accurate 
assessment of the toxic potential of a new 
drug may not be possible until it has been in 
general use for several years. 

Drug Regulations. There are a number 
of regulations and compendia concerned 
with the testing, labeling, purity, and quality 
of foods, drugs, and cosmetics. Such regula- 
tions are designed for the protection of the 
public health. The following regulations 
apply to the United States; other countries 
have similar codes. 

Food and Drug Administration. The 
Federal Food, Drug, and Cosmetic Act of 
1938 assures the quality and purity of drugs, 
by requiring accurate labeling of all me- 
dicinals. The initial law, the Federal Pure 
Food and Drugs Act, was passed by Congress 
in 1906, as a result of the excessive adultera- 
tion and misbrandings of foods and drugs 
existing at that time. The subsequent modifi- 
cations of the act — in 1938 and 1962 — were, 
unfortunately, a result of tragedies brought 
about by inadequate testing of new drugs or 
vehicles for drugs. Enforcement of the law 
is entrusted to the Food and Drug Admini- 
stration (FDA) of the Department of 
Health, Education, and Welfare. Regula- 
tions resulting from the Drug Amendments 
Act of 1962 are concerned with establishing 
the efficacy as well as the safety of new 
drugs. In addition, they place responsibility 
with the FDA for continuing evaluation of 
the toxicity of drugs already in general use. 
Drugs found to be too dangerous in propor- 
tion to their therapeutic worth can be re- 
moved from the market. Another provision 
of the Drug Amendments Act was a retro- 
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spective evaluation of the efficacy of all 
drugs introduced from 1938 to 1962. This 
important and difficult review process was 
undertaken for the FDA by panels of ex- 
perts organized by the Drug Research Board 
of the National Academy of Sciences-Na- 
tional Research Council. 

Because of severe abuses of barbiturates, 
psycbopharmacological agents, and bther 
centrally acting drugs, the Comprehensive 
Drug Abuse Prevention and Control Act was 
passed in 1970. This gives the Bureau of 
Narcotics and Dangerous Drugs, Depart- 
ment of Justice, special powers to regulate 
the distribution of drugs liable to be abused. 

Decisions as to whether drugs may be 
sold "over the counter" or dispensed only on 
prescription and the refilling of prescriptions 
are regulated by the FDA under the pro- 
visions incorporated in the Durham-Hum- 
phrey Amendment of 1952 (see Appendix). 
The FDA establishes special standards for 
insulin, antibiotics, and germicides and is 
responsible for certification of their safety 
and efficacy. The safety of food additives and 
the purity and quality of foods and cosmetics 
are also under the jurisdiction of the FDA. 
The purity and the efficacy of veterinary 
preparations are controlled as rigidly as are 
human medicinals. 

The United States Pharmacopeia (U.S.P.) 
and The National Formulary (N.F.). The 
Federal Pure Food and Drugs Act of 1906 
recognized the U.S.P. and the N.F. as "offi- 
cial compendia," thereby giving official status 
to the drugs and the standards set forth in 
these volumes. The approved therapeutic 
agents used in medical practice are de- 
scribed and defined with respect to source, 
chemistry, physical properties, tests for 
identity, tests for purity, assay, method of 
storage, and average therapeutic dosage. 
They were initially written as guides to the 
physician in his choice of drugs. However, 
because they serve as official standards for the 
quality and purity of drugs, these compendia 
are now of more use to the pharmaceutical 
industry and the FDA than to physicians, 
nevertheless, the prescribing of official drugs 
listed m either the U.S.P. or N.F. provides 
assurance to the physician that the patient 
wui receive exactly what has been prescribed 



with respect to quality and chemical uni- 
formity. However, no tests of biological 
equivalence of official drugs are required, 
but they are under serious consideration. 
Other nations have similar compendia; there 
is also a Pharmacopoea International (spon- 
sored by WHO), as well as a European 
Pharmacopoeia (1st ed., 1970). 

U.S.P. Most of the preparations in the U.S.P. 
are single drugs. In the case of those that must be 
compounded, instructions are given for their prep- 
aration. The U.S.P. organization also provides 
reference standards for the assaying and testing 
of many of the U.S.P. drugs. 

The first Pharmacopeia in the United States was 
published in 1820, and since that time numer- 
ous revisions have appeared. The current edition, 
U.S.P. XVIII, became official in 1970. The Pharma- 
copeia is revised at five-year intervals. The U.S.P. 
is revised by a special Pharmacopeial Committee, 
the members of which donate their services in 
the interest of the important function they serve. 
The committee consists of outstanding pharma- 
cologists, physicians, and pharmacists. 

N.F. This compendium was first published in 
1888 under the name National Formulary of Un- 
official Preparations. After acceptance as an official 
drug standard in 1906, the name was changed to 
its present title. The current edition is N.F. XIII, 
published in 1970. 

The N.F. formerly contained drugs on the basis 
of demand as well as of therapeutic value, but be- 
ginning with N.F. XII therapeutic value was 
adopted as the sole criterion for the admission of 
drugs. Many drugs that have been deleted from 
the U.S.P. appear in the N.F. Unlike the U.S.P., 
it also contains formulas of certain drug mixtures. 
The N.F. is published by the American Pharma- 
ceutical Association. It is prepared by a committee 
and advisory panels consisting mainly of outstand- 
ing pharmaceutical scientists and physicians. 

Other Regulative Laws. The laws em- 
I bodied in the Harrison Narcotic Act and the 
Federal Marihuana Regulations are super- 
seded by the Comprehensive Drug Abuse 
Prevention and Control Act of 1970 and are 
enforced by the Bureau of Narcotics and 
Dangerous Drugs, U.S. Department of Jus- 
tice; this act also includes other drugs subject 
to abuse. The law controls the distribution 
of opium, coca, cannabis, and any of their 
natural or synthetic derivatives, barbiturates, 
amphetamines, LSD, etc. (see Appendix). 
In addition, state and city laws exist to regu- 
late the sale of narcotics, barbiturates, and 
similar drugs. 
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GUIDE TO THE "THERAPEUTIC 
JUNGLE" 

The flood of new drugs in recent years 
has provided many dramatic improvements 
in therapy, but it has also created a number 
of problems of equal magnitude. Not the 
least of these is that of the "therapeutic 
jungle," the term used to refer to the com- 
bination of the overwhelming number of 
drugs, the confusion over nomenclature, and 
the associated uncertainty of the status of 
many of these drugs. A reduction in the 
marketing of close congeners and drug mix- 
tures and an improvement in the quality of 
advertising are important ingredients in the 
remedy for the "therapeutic jungle." How- 
ever, the physician can also contribute to the 
remedy by adopting a "way of thinking about 
drugs" based upon general pharmacological 
principles, by employing nonproprietary 
rather than proprietary names whenever pos- 
sible, by using prototypes both as an in- 
structional device and in clinical practice, by 
adopting a properly critical attitude toward 
new drugs, and by knowing and making use 
of reliable sources of information. 

Drag Nomenclature. The existence of 
many names for each drug, even when re- 
duced to a minimum, has led to a lamentable 
and confusing situation in drug nomencla- 
ture. In addition to its formal chemical 
name, a new drug is usually assigned a code 
name by the pharmaceutical manufacturer. 
If the drug appears promising, and the manu- 
facturer wishes to place it on the market, a 
United States Adopted Name (USAN) is 
selected by the USAN Council, which is 
jointly sponsored by the American Medical 
Association, the American Pharmaceutical 
Association, and the United States Pharma- 
copeial Convention, Inc. (see Appendix). 
This nonproprietary name is often referred 
to as the generic name, but this latter term 
is properly reserved to designate a chemical 
or pharmacological class of drugs, such as 
sulfonamides or sympathomimetics. If the 
drug is eventually admitted to the U.S.P. or 
N.F., the USAN becomes the official name. 
However, the nonproprietary name and the 
official name of an older drug may differ. 
There is increasing worldwide adoption of 



the same name for each therapeutic sub- 
stance. For newer drugs, the USAN is usu- 
ally adopted for the nonproprietary name in 
other countries, but this is not true for older 
drugs. International agreement on the USAN 
name is mediated through the World Health 
Organization and the pertinent health agen- 
cies of the cooperating countries. Subse- 
quently, the drug will also be assigned a 
proprietary name or trademark by the 
manufacturer. If the drug is marketed by 
more than one company, it may have several 
proprietary names. If mixtures of the drug 
with other agents are marketed, each such 
mixture may also have a separate proprietary 
name. 

To minimize confusion, the nonproprie- 
tary or official name of a drug should be 
used whenever possible, and this practice is 
adopted in this textbook. The question arises, 
however, whether the nonproprietary name 
or a proprietary name should be used by the 
physician when prescribing drugs. The use 
of the nonproprietary name is clearly less 
confusing when the drug is available under 
multiple proprietary names. However, an im- 
portant problem concerns the distinction be- 
tween chemical, biological, and clinical 
equivalence of drugs. Chemical equivalents 
are identical dosage forms that contain 
identical amounts of the same chemical sub- 
stance and meet the physicochemical 
standards in the official compendia. Bio- 
logical equivalents are those chemical equiva- 
lants that, when administered in the same 
amounts, provide the same biological or 
physiological availability, as measured by 
plasma or tissue levels. Clinical equivalents 
are those chemical equivalents that, when 
administered in the same amounts, provide 
the same therapeutic effects, as measured by 
the control of a symptom or a disease. The 
clinical equivalence of commercial products 
has been the center of heated controversy. 

The main question has been whether drugs 
that are chemical equivalents are, in fact, 
clinical equivalents. This is important, since 
drugs marketed by different companies under 
the nonproprietary name may differ markedly 
in cost from the same drug marketed under 
the proprietary name. Since clinical equiva- 
lence of drugs is difficult to quantify because 
of marked individual differences and of vari- 
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ations in the symptoms or disease being 
studied in man, attention has been directed 
to assessment of the biological equivalence 
of drugs. This is based on the sound premise 
that equal tissue or plasma levels of two dif- 
ferent preparations of the same drug will 
give the same therapeutic effect. Tests of 
biological equivalence of preparations from 
various companies have demonstrated that 
differences do occur with drugs that are ad- 
ministered orally in solid dosage forms, such 
as tablets and capsules. These differences are 
due to variations in formulation factors, such 
as particle size, crystal form, adjuvants, fill- 
ers, binders, and pressures used to compress 
tablets, all of which affect the dissolution 
rate, an important factor in oral absorption 
of drugs. Even preparations of the same 
drug with dissolution rates within official 
standards may not be biological equivalents. 
Unfortunately, since the majority of me- 
dicinals have not been evaluated for biologi- 
cal equivalence, the magnitude of the prob- 
lem cannot be stated. However, it would be 
expected to be much less important for 
highly soluble drugs and even for poorly 
soluble drugs that are formulated under 
well-controlled conditions and that meet 
rigid standards. Until biological and clinical 
equivalence of medicinals can be assured, 
the physician is well advised to prescribe 
only preparations of high quality. It is, there- 
fore, recommended that drugs be prescribed 
by nonproprietary name in all cases. How- 
ever, when a particular dosage form or spe- 
cial formulation of a drug is desired, and 



i especially when accurate control of dosage 

s is critical, the prescription order should then 

a include, in addition to the nonproprietary 

e name, the name of the manufacturer of the 

y preparation desired (see Appendix). 
ie 

ts Use of Prototypes. For teaching pur- 

y. poses, as illustrated in this textbook, the 

gs confusion created by the welter of similar 

;t, drugs is reduced by restricting major atten- 

ce tlon to prototypes in each pharmacological 

er class ' Focusing on the representative drugs 

lly results in better characterization of a class 

ler as a y hoIe > and thereby permits sharper 

.a- recognition of the occasional member that 

ise possesses unique properties. A teaching 

ji- prototype is often the agent of choice, but 



this is not always true. A particular drug may 
be retained as the prototype, even though a 
new congener is clinically superior, either be- 
cause more is known about the older drug 
or because it is more illustrative for the en- 
tire class of agents. 

The clinician will also find the prototype 
device helpful in his struggle with the surfeit 
of congeneric drugs, since his needs for 
therapeutic agents can usually be adequately 
satisfied by one or two drugs in each class. 
Which of a number of more-or-less equiva- 
lent drugs the physician actually chooses as 
his prototypes may be determined by dif- 
ferences in their duration of action or other 
secondary characteristics. The important con- 
sideration is that he restrict his attention to a 
limited number of drugs in each class and 
that he become thoroughly familiar with 
their individual characteristics. If he does, he 
will inevitably use these agents more effec- 
tively than he would if he were to change 
repeatedly among a larger number of drugs. 
Moreover, the greater experience with a few 
drugs will provide a better base line of per- 
sonal experience by which he may judge the 
claims for newer medicinals. 

Attitude toward New Drugs. A reason- 
able attitude toward new drugs is summa- 
rized by the adage that advises the physician 
to be "neither the first to use a new drug nor 
the last to discard the old." This advice is 
intended as a reminder that only a minor 
fraction of the new drugs released each year 
represents significant therapeutic advance, 
and that the efficacy and safety of a new 
drug, particularly relative to older agents, 
may not be fully assessed until sometime 
after it has been in general clinical use. It 
also stresses the physician's obligation to 
keep abreast of significant advances in phar- 
macotherapy. However, appropriate, timely 
change from the old drug to the new is pos- 
sible only if the physician has access to 
prompt, unbiased, critical information about 
new drugs. 

Information about Drugs. Pharmacology 
textbooks usually provide basic pharmaco- 
logical principles, critical appraisal of the 
therapeutically useful classes of drugs, and 
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detailed descriptions of the prototypes that 
serve as standards of reference for assessing 
new drugs. However, for obvious reasons, 
these textbooks cannot include information 
on the most recently introduced drugs, nor 
can they provide detailed descriptions of 
many of the older drugs. Remington's Phar- 
maceutical Sciences, the United States Dis- 
pensatory and Physicians' Pharmacology, the 
American Hospital Formulary Service, and 
various drug encyclopedias are sources of 
information about drugs; historical accounts 
of older drugs are found in the older editions. 
The Physicians' Desk Reference (PDR) is 
a convenient source of information about 
available products, dosage forms, contraindi- 
cations, untoward reactions, and allowable 
therapeutic claims, but it is not useful as a 
critical guide to therapy or as a source of 
pharmacological effects of drugs. Legally, all 
information on drugs described in PDR must 
conform to the descriptive material in the 
package insert. The information, in turn, 
must meet the approval of the FDA. The 
American Drug Index is also a useful cross- 
indexed source of drug products and dosage 
forms, listed by both nonproperietary and 
proprietary names. 

Somewhat more current information about 
drugs is provided by AM A Drug Evaluations 
(ADE), a publication of the Council on 
Drugs of the American Medical Association. 
The Council previously published several 
annual indices of drugs, which were sequen- 
tially named New and Nonofficial Remedies, 
New and Nonofficial Drugs, and New Drugs. 
ADE is a useful and authoritative reference 
book that evaluates information on both old 
and new single-entity drugs and mixtures, 
arranged according to therapeutic category. 
It is designed to help the physician in the 
selection and use of drugs. A very useful 
source of information on new drugs is the 
biweekly publication, The Medical Letter on 
Drugs and Therapeutics. Its distinguished 
board of editors provide a distinct service to 
medicine and to physicians by furnishing 
prompt, unbiased, pointed assessment of new 
drugs. A British publication, the Drug and 
Therapeutics Bulletin, is also published fort- 
nightly with the same high standards. The 
Prescribed Journal, published bimonthly by 
the British Ministry of Health, also contains 



objective and critical analyses of new thera- 
peutic agents. Pharmacology for Physicians 
is a monthly publication in which experts 
discuss the clinical pharmacology of drugs 
used for the therapy of particular diseases. 
Other current and critical sources of infor- 
mation on drugs, drug therapy, and drug 
toxicity include the periodic appraisals spon- 
sored by the Council on Drugs and published 
in the Journal of the American Medical As- 
sociation, and the editorials and short reviews 
in Clinical Pharmacology and Therapeutics, 
the New England Journal of Medicine, and 
similar periodicals. Pharmacological Reviews 
and Annual Review of Pharmacology are 
excellent sources of basic pharmacological 
information. 
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In vitro and in vivo pharmacologic activities 
of antisense oligonucleotides 

C.K. Mirabelli, C.F. Bennett, K. Anderson & S.T. Crooke 

ISIS Pharmaceuticals, Inc., 2280 Faraday Ave, Carlsbad, CA 92008, USA 

Summary: The use of antisense oligonucleotide as pharmacologic agents is a 
derivative of the central dogma of molecular biology and knowledge of the physical 
and chemical properties that govern the structure of nucleic acids Oligonucleotides 
have been reported to inhibit the growth of a large number of viruses in cell 
culture, as well as the expression of numerous ocogenes, a variety of normal genes 
and transfected reporter genes controlled by several regulatory elements The 
been^eported^^ antisense com P oun ds in animal disease models have also 
This review provides some general conclusions and trends regarding the pharma- 
cologic action of antisense oligonucleotides, that can be formulated from studies 
previously reported m the literature. In addition, data is highlighted for two specific 
examples in which antisense oligonucleotides have demonstrated activity against 
herpes viruses and intracellular adhesion molecule RNA targets. 

Introduction 

In the past few years many papers have been published demonstrating the activity of 
numerous antisense oligonucleotides, of different sequences and cheSSel 

Ce "" baSed Sy / e r • ReC6ntly there have bee « a nun *er of e™eln7revi?ws 
that have summarized the activities of these compounds in detail fCohn 1989 

2SS to H Cy 7 n ; T ; Cazenave u & Helene, 199?). As sno^ J^m ! 0 [ 
attempt to duplicate those comprehensive efforts; instead it will provide a brief 
summary of the activities of oligonucleotides in cell-based assays S attempt to 
provide some general conclusions and trends that can be formulated from fhe e 
previously published data. In addition, this paper will provide examples of da a 
compi ed in our laboratories that relate to the pharmacological aSes o? phos- 
phorothioate oligonucleotides directed against cellular and infectious disease targSs 

Pharmacological activities in cell-based models 

Oligonucleotides have been reported to inhibit the growth of a large number of 

™™ S . ^ Ce " ^J"* aS , WeU , aS the ex P ression of nu ™ rous oncogene? aTnety o 
AT' !"?■ transfe « ed g^es controlled by several regulator ele- 

RNM STtSS?" V3ne . d m the ^ ° f oIi g° n "^otides used, the cells used, the 
rh^h \ iT rC f P , t0r seq -, uences tar « eted and *e conditions employed. Al 
toough a wide range of ohgonucleotide concentrations have been used to treat cells 
only a few studies have reported detailed dose-response curves and dearlv docu' 
mented the purity of the oligonucleotides used. Table I sumSzes th ^ infoLation 
from more than 40 papers in which oligonucleotides were te sted for ^armaToS 
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genes' 6 * againSt 2 V3riety ° f VirUSCS ' oncogenes ' host S enes and transfected reporter 
The data presented in Table I support only a few generalizations. First while 
phosphodiesters are rapidly degraded in biological systems, a number of investigators 
have reported activities for unmodified phosphodiester oligonucleotides in cells 
incubated ,n the absence of serum or in medium supplemented with heat-inactivated 
serum. When phosphodiester oligonucleotides have displayed activity, concentrations 
of more than 10 M M were required. The explanation for these activities is unclear 
Considering the presence of endo- and exonucleases that are found within cells it is 
reasonable to think that these oligonucleotides would be degraded in the cell verv 
rapidly. Evidence from our laboratory demonstrates that in a number of routinely 
used cell lines phosphodiester oligonucleotides are degraded within minutes by 
nucleases found in the plasma membrane, cytoplasm and in nuclei (Hoke et al, in 

Second, a variety of chemically modified oligonucleotides have been reported to be 
?£ZV D r culture. Although considerable variation has been reported, phosphoro- 
thioate oligonucleotides appear to be more potent than methylphosphonate oligo- 

^S^JSSK^^ alkylat °? * nd interchela *>* to phosphodiesters and 
P J v aS be -f n rep . 0 L rted t0 mcrease P° tenc y- Ma °y of ^ese modifica- 

tions have been positioned at either the 3' or 5' end of the oligonucleotides- 3' 
positioning * an attempt to increase stability to 3'-exonuclease, the predominant 
ETii , eaSe ' U ro tate u f nd Poly(L-lysine) conjugates have also displayed eS- 
chSeris°t!cs nCieS preSUmably ™ some adulation of cellular pharrAacokinetic 

t ,2 rd ' oli 8° nucleotides hav e demonstrated activities against a broad array of viral 
S nf OI l COgeneS ; norma l ceUula [ gene products and various transfected genes. This 

StXSSSXp^ y demonstrates the broad potential ?herapeutic 

Fourth although the data from studies included in Table I are limited when it is 
combined with in vitro toxicologic data (Crooke, 1991), the therapeutic' indexe I of 
phosphorothioate oligonucleotides appear to be quite high. Initial data regiding 
certain phosphorothioates of 20 and 21 nucleosides in llngth, targeted to huCn 
Papilloma virus and herpes simplex virus, respectively, also demonstrate thai Tese 
tK£S nf eXtr6 « me L y WCU t0lerated in animaJs ^irabelli « al - ^ preparauon) 
Slh ™ f s P eC1 ^ C , baSe J ^ mposition within M oligonucleotide, oligonucleotide 
length, specific chemical modifications in oligonucleotide and cellular parfmeters (i e 
ceU type, cell cycle phase and stages of differentiation) on the potential S o Ry 
and^non-antisense activities of these compounds are no/yet clearly defined (Crookl! 

reported 13 ^ dat \. that su PP ort P^ve mechanisms of action have been 
f „ generalizations concerning precise mechanisms of action are not 
possible. A variety of mechanisms have been proposed to explain the ultimate 

SnTu^a^/tr^, oU S°™<leotides & suiting from the hybS 
non ot the drug with the complementary sequence within a tareet RNA Th^ 
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RN a JSt- substrate a nd subsequent cleavage of the target RNA, and disruption of 
RNA splicing processes or other RNA metabolic processes It is very likely that many 
terminating mechanisms can be exploited for the cellular action of antisense 

o fttaSSSi RN? at ^ mechanisms of a P a ^ular oligonocioSe are the St 
of the particular RNA and sequence target, the cell in which the drus is acting and 
the chemical structure of the oligonucleotides. 8 g 
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Examples of antisense pharmacologic activities 

Our laboratory has demonstrated activities of oligonucleotide drugs against a number 
of molecular disease targets. Below is a brief summary of work on two targets: herpes 
simplex virus and a human cell adhesion molecule, ICAM-1. These data are reviewed 
in an attempt to provide examples of the antisense drug discovery process and the 
activities of antisense compounds directed against viral gene targets and host gene 
targets. 5 



Antisense oligonucleotides directed to herpes simplex virus RNA targets 

In vitro activities. Smith & Smith (1986) first reported antisense inhibition of HSV 
replication using oligonucleotides targeted to the splice junction sequences of the 
HSV-1 1E4 and 1E5 pre-RNAs. It was later reported that increasing the length of the 
oligonucleotide increased the antiviral activity against HSV-1 (Kulka et al, 1989). The 
most active oligonucleotide, a 12-nucleotide long oligomethylphosphonate, was 
directed against a splice junction covering six nucleotides in both exon and intron 
The potency of the compound was greatest when added at the time of infection 
(IC 50 = 15 fiM) with a 5- to 10-fold reduction in potency when the oligonucleotide was 
added 1 h post-infection. A 20% inhibition in splicing was observed in oligonucleotide 
treated infected cells versus untreated infected cells. Conjugation of the 12-mer 
oligomethylphosphonate with a psoralen-derivative increased the potency of the 
compound approximately 3-fold relative to the unconjugated compound. However, 
the psoralen conjugate required activation by UV irradiation following addition to the 
infected cells. 

A study by Draper et al (1990) using phosphodiester oligonucleotides complemen- 
tary to two related region of the HSV-1 Vmw 65 mRNA, reported that an 
oligonucleotide targeted to the translation initiation region effectively inhibited HSV-1 
replication. The other oligonucleotide was inactive, causing these authors to conclude 
that sequences within the same mRNA can exhibit differential sensitivities to 
antisense oligonucleotides. 

Our laboratory has designed and tested several oligonucleotides which are com- 
plementary to the translation initiation regions of several mRNAs of HSV Oligo- 
nucleotides which target the HSV UL13 mRNA were found to be effective inhibitors 
of HSV replication, as measured in an infectious yield assay (Draper & Brown- 
Driver, 1991; Draper et al, submitted). The protein encoded by the UL13 gene has 
been putatively identified as a phosphotransferase which may be involved in the 
phosphorylation of viral capsid proteins (Smith et al, 1986; Stevely et al, 1985). 
Preliminary screening experiments revealed that phosphorothioate oligonucleotides 
were significantly more potent than phosphodiester and methylphosphonate oligonu- 
cleotides (Draper & Brown-Driver, 1991; Draper et al, submitted). One of the most 
potent compounds evaluated was ISIS 1082, a 21-mer phosphorothioate oligonucleo- 
tide, targeted to a secondary initiation codon present in HSV-1 and HSV-2 UL13 
mRNA. This compound inhibited both HSV-1 (KOS strain) and HSV-2 (HG52 
strain) replication in an infectious yield assay. Site specific cleavage of synthetic UL13 
transcripts was induced by addition of ISIS 1082 in RNA processing extracts of HeLa 
cells suggesting that ISIS 1082 may inhibit expression of the UL13 gene product by 
inducing RNAase H specific cleavage of UL13 mRNA. 

Evaluation of the compound in infectious yield assays using acyclovir sensitive and 
resistant strains and in comparative dose responses with acyclovir and other phos- 
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100 1000 10000 

Drug Concentration (nM) 

Figure 1 Sensitivity of an acyclovir resistant strain of HSV-1 (DM 2.1, thymidine 
kinase deletion mutant) to ISIS 1082 (•) and acyclovir (■). Activities were 
measured in an infectious yield assay and expressed as a percent of untreated 
infected cell virus yield 



phorothioate oligonucleotides provided more evidence that ISIS 1082 produces its 
antiviral activity via a sequence specific antisense effect. First, ISIS 1082 inhibits the 
replication of the HSV-1 strain KOS in HeLa cells by 50% and 90% at concentrations 
of approximately 300 nM and 2>im, respectively. ISIS 1082 was 3- to 10-fold more 
potent then a phosphorothioate oligonucleotide of similar length and equivalent (but 
scrambled) nucleotide base composition when tested against certain strains of HSV-1 
and HSV-2. In addition, it was found that ISIS 1082 was active against a number of 
acyclovir resistant strains of HSV-1. Figure 1 shows the activity of ISIS 1082 against 
the thymidine kinase deletion mutant strain, DM2.1. Acyclovir did not inhibit the 
replication of this strain. However, treatment with ISIS 1082 resulted in a dose- 
dependent decrease in infectious viral yield that was equivalent to that observed 
against the KOS strain of HSV-1. At concentrations as high as 100 jxm of ISIS 1082, 
only minimal effects on host cell growth and metabolism were observed (Crooke et 
al). This lack of in vitro toxicity is again consistent with the postulated highly 
selective mode of action of the antisense compound. 

In vivo activities. Earlier preliminary reports have suggested in vivo activities of 
antisense drugs against HSV infections. One report indicated that an oligomethyl- 
phosphonate was active in a mouse model of herpes simplex virus 1 infection (Kulka 
etal, 1989). Two additional laboratories have reported on the activity of phosphoro- 
thioates against HSV-1 infections in mouse models of ocular herpetic keratitis 
(Kimura et al , 1991; Metcalf et al , 1991). 
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Recent data have demonstrated that topical application of ISIS 1082 in an aqueous 
buffer to the cornea of mice infected with HSV-1 (KOS) resulted in curative activitv 
at drug concentrations of 0.3% and 5% (Brandt et al, 1991; Brandt et al submitted) 
The activity of ISIS 1082 in this model was equivalent to trifluorothymidine and 
exhibited no local or systemic toxicities. ISIS 1082 is currently being studied in rabbit 
models of HSV-1 induced epithelial keratitis and other animal models of dermal and 
systemic HSV infection to better define the pharmacology of the compound. 

Antisense oligonucleotides directed to intercellular adhesion molecules 

To date most reports of antisense oligonucleotide activities in non-viral infection 
models have focused on oncogene targets and receptor signaling targets as seen in 
Table I. Our laboratory has recently explored the use of antisense oligonucleotides to 
pharmacologically manipulate the expression of certain cellular adhesion molecules 
(Chiang et al, 1991). 



Rationale for adhesion molecules as antisense targets 

The binding of circulating leukocytes to vascular endothelium is an obligatory step in 
the emigration of leukocytes out of the vasculature to the site of infection or injury 
(Harlan, 1985). Several endothelial proteins have recently been identified which 
mediate the adherence of leukocytes to inflamed vascular endothelium and subse- 
quent migration out of the vasculature (Stoolman, 1989; Osborn, 1990; Springer, 
1990). One such protein, ICAM-1, is a 95-105 kD glycoprotein first identified by the 
ability of a monoclonal antibody to block phorbol ester induced aggregation of a 
B-cell line (Rothlein et al, 1988). The cellular distribution of ICAM-1 is different 
from other endothelial cell adhesion molecules in that it is expressed in both 
endothelial cell and non-endothelial cells including leukocytes, fibroblasts, kernatino- 
cytes and other epithelial cells (Table II). ICAM-1 binds circulating leukocytes 
through LFA-1 (CDlla, CD18), a member of the integrin family (Marlin & 
Springer, 1987). ICAM-1 is a member of the immunoglobin gene superfamily 
containing five immunoglobulin domains (Simmons et al, 1988; Staunton etal, 1988; 
Tomassini et al, 1989). Expression of ICAM-1 is inducible by a number of cytokines 
including IL-1, TNF-ar and IFN-y (Rothlein et al, 1988; Stoolman, 1989; Osborn, 
1990; Springer, 1990). The broad tissue distribution of ICAM-1 suggests that it is not 
only involved in the emigration of leukocytes out of the vasculature, but may play a 
more extensive role in immune responses. Additional roles suggested for ICAM-1 
include localization of leukocytes to the area of inflammation in extravascular spaces, 
enhancement of the recognition of antigen presenting cells by T lymphocytes, 
formation of lymphocyte germinal centers, enhancement of natural killer cell response 
and differentiation of thymocytes (Rothlein et al, 1986; Dustin et al, 1986 & 1988; 
Makgoba et al, 1988; Altmann et al, 1989; Boyd, 1989; Robertson et al, 1990; 
Springer, 1990). In addition ICAM-1 is the receptor for over 90% of the rhinovirus 
serotypes (Staunton et al, 1989; Tomassini et al, 1989). 



In vitro inhibition of ICAM-1 expression by antisense oligonucleotides 

During the initial evaluation of a series of phosphorothioate oligonucleotides targeted 
to specific sites within the ICAM-1 mRNA it was found that the cationic lipid, 
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DOTMA markedly enhanced the activity of the antisense oligonucleotides used in this 
study. DOTMA was originally described as a vehicle for transfection of DNA into 
cells (Feigner et al, 1987). Cationic lipid delivery methods differ from normal 
liposomal delivery methods, in that the DNA or oligonucleotide is not encapsulated 
within the liposome, but rather is associated with the surface of the liposome through 
ionic interactions. Preliminary data in certain cell lines indicate that DOTMA 
enhances cell association of oligonucleotides at least 10-fold and markedly changes the 
intracellular distribution of the oligonucleotide, with apparently less oligonucleotide 
being concentrated in endosomes or lysosomes and more found in the nucleus 
(Chiang et al, 1991; Bennett et al, in preparation). Therefore, in some cells 
DOTMA will enhance oligonucleotide entry into the cytoplasm of cells similar to 
direct microinjection. The use of DOTMA has the advantage over microinjection 
experiments in that oligonucleotides can be introduced into large number of cells 
allowing biochemical analysis to be performed. In addition, it was determined that 
DOTMA had no effect on the expression of ICAM-1 when used at concentrations 
that maximized oligonucleotide uptake and activity (Chiang et al, 1991). The use of 
DOTMA in these experiments allowed us to determine which regions on the ICAM-1 
mRNA serve as the best target sites for antisense oligonucleotides and determined the 
mechanism by which antisense oligonucleotides inhibit ICAM-1 expression. To our 
knowledge this is the first report demonstrating that cationic lipids enhance antisense 
oligonucleotide activity in mammalian cells. 

Using DOTMA as a formulation medium we have demonstrated that antisense 
oligonucleotides which target human ICAM-1 mRNA inhibit the expression of 
ICAM-1 in two cell culture systems HUVEC and a human lung carcinoma, A549 
(Chiang et al, 1991). Screening antisense oligonucleotides which target a number of 
sites on the ICAM-1 mRNA revealed that two sites were especially sensitive to 
inhibition with antisense oligonucleotides; the AUG translation initiation codon and 
specific sequences in the 3 '-untranslated region. Data from these studies suggest that 
hybridization affinity is important for antisense oligonucleo tides, as truncated versions 
of active oligonucleotides (<20-mers) exhibit decreased activity, however, hybridiza- 
tion affinity is not sufficient to ensure antisense activity. Therefore, target site 
selection is also an important parameter to consider when designing antisense 
oligonucleotides. 

The most active ICAM-1 antisense oligonucleotide targets the 3 '-untranslated 
region of the ICAM-1 mRNA. ISIS 1939 hybridizes to the ICAM-1 mRNA, nearly 
300 bases 3'- to the translation termination site, therefore it should not directly affect 
translation of the protein. This oligonucleotide was shown to inhibit the expression of 
ICAM-1 in endothelial cells as measured by ELISA using a monoclonal antibody to 
ICAM-1 (Figure 2). Under equivalent experimental conditions treatment of endothe- 
lial cells with ISIS 1939 blocked the adhesion of HL60 cells. Thus the blockade of 
ICAM-1 expression was coincident with the loss of functional activity of the protein. 
Oligonucleotides which hybridized to other sequences in the 3 '-untranslated region of 
ICAM-1 mRNA were not as effective as ISIS 1939 (Figure 2). Therefore, the effects 
of ISIS 1939 are unique to the target site to which it hybridizes. 

ICAM-1 mRNA contains three repeats of a consensus sequence, AUUUA, thought 
to be involved in destabilization of mRNA (Caput et al, 1986; Shaw & Kamen, 1986; 
Brawerman, 1989). An oligonucleotide that targets those sequences was shown to 
exhibit weak activity. Howevef, ISIS 1939 targets an area approximately 200 bases 5'- 
to the AUUUA sequences. The region targeted by ISIS 1939 is predicted to be a 
stable stem loop structure which when bound would disrupt the structure. Analysis of 
steady state mRNA levels from oligonucleotide treated cells revealed that ISIS 1939 
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ISIS ISIS ISIS 

1939 2305 2307 

Figure 2 Inhibition of IL-1 induced ICAM-1 expression in A549 cells with anti- 
sense oligonucleotides which hybridize to the 3'-untranslated region of ICAM-1 
mRNA. Cells were treated with phosphorothioate oligonucleotides (20 mers) at 
concentrations of ■ 0.1 ixm S 0.3 fit* B 0.5 jam 0 0.7 11.0 fxM in the presence 
of DOTMA. ICAM-1 expression was measured by ELISA using an ICAM-1 
monoclonal antibody 84H10 



specifically reduced the quantity of ICAM-1 mRNA per cell. The reduction of 
ICAM-1 mRNA was not due to decreased transcription of the ICAM-1 gene as 
analysed by nuclear run-off reactions. Therefore, ISIS 1939 must destabilize the 
ICAM-1 mRNA either by an RNase H dependent mechanism and/or by modulating 
natural processes which help to stabilize the ICAM-1 mRNA. 

Oligonucleotides targeted to certain other specific sites within ICAM-1 mRNA 
were found to be potent inhibitors of ICAM-1 protein expression and cell adhesion. 
These oligonucleotides were targeted to sequences within the 5' untranslated region 
and the translation initiation region. The oligonucleotide targeted to the translation 
initiation region did not cause a reduction in the steady state level of ICAM-1 
mRNA; unlike that found with ISIS 1939. Taken together these data suggest that 
different oligonucleotides targeted to different sites on an RNA may inhibit the 
production of a protein by different mechanisms. 



Summary 

The notion of using antisense oligonucleotides as pharmacologic agents is a derivative 
of the central dogma of molecular biology and knowledge of the physical and 
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chemical properties that govern the structure of nucleic acids. The practical evidence 
that antisense oligonucleotides can be drugs is a result of the work of a number of 
laboratories, including those cited in this review. 

Key to the continued progress in the field of antisense therapeutics is the 
realization that oligonucleotides and their RNA targets work via the same principles 
of pharmacology that govern the actions of all other classes of drugs. Considering the 
properties of drugs that define their pharmacologic value, such as ligand-receptor 
binding affinity and fidelity and realizing the intrinsic properties of oligonucleotides, it 
is very clear that these compounds have enormous potential value in treating human 
diseases. 

During the next few years a number of oligonucleotide compounds will enter into 
clinical trials. These first generation antisense drugs (e.g. phosphorothioates) will 
encounter many of the same issues and hurdles that confront all novel pharmaceutical 
agents; large-scale process development, adequate methods and tools to define clinical 
pharmacokinetics and metabolism, etc. Another important component of this process 
is the continued examination and definition of the molecular pharmacodynamics and 
pharmacokinetics of these drugs. We need to better understand how the structure and 
function of RNA defines the sensitivity of specific target sites to antisense oligonu- 
cleotides, the precise role of RNase H and other intracellular enzymes and proteins in 
the mechanism of action in oligonucleotides, the process by which oligonucleotides 
penetrate cellular membranes and distribute in cells, the non-sequence specific 
interactions that oligonucleotides can engage in both in and out of cells, and the 
metabolic pathways (both nuclease and non-nuclease) and metabolites that are likely 
to play a role in the metabolism of antisense drugs. The combination of this 
molecular, cellular, and clinical information will allow us to better determine the 
specific molecular targets and diseases that can be successfully treated with the first 
generation of antisense drugs. As important, it will define the biology, chemistry, and 
pharmacology of second and third generation antisense drugs. 
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Blocking of Heart Allograft Rejection by Intercellular 
Adhesion Molecule-1 Antisense Oligonucleotides Alone or in 
Combination with Other Immunosuppressive Modalities 1 



Stanislaw M. Stepkowski, 2 * Yizheng Tu,* Thomas P, Condon/ and C. Frank Bennett + 

♦Division of Immunology and Organ Transplantation, Department of Surgery, University of Texas Medical School at 
Houston, Houston, TX 77030; and + ISIS Pharmaceuticals, Carlsbad, CA 92008 

Intercellular adhesion molecule-1 (ICAM-1) binds circulating leukocytes through interactions with ]3 2 integrins, 
LFA-1, and macrophage Ag-1. The phosphorothioate antisense oligodeoxy nucleotide, IP-3082, specific for 
ICAM-1 mRNA inhibited ICAM-1, but not vascular cell adhesion molecule-1, mRNA induction and expression of 
ICAM-1 molecules by mouse endothelioma cells. Scrambled control oligonucleotides were ineffective. Untreated 
C3H (H-2 k ) mice rejected C57BL710 (H-2 b ) heart allografts with a mean survival time of 7.7 ± 1 A days. Admin- 
istration i.v. of IP-3082 by a 7-day osmotic pump prolonged the survival of heart allografts in a dose-dependent 
fashion: 1 .25 mg/kg, to 11 ±0 days; 2.5 mg/kg, to 12 ± 2.7 days; 5 mg/kg, to 14.1 ± 2.7 days; and 10 mg/kg, 
to 15.3 ± 5.8 days (all p < 0.01). Control IP-1082 (10 mg/kg) was ineffective (7 ± 0.8 days). Although 7-day 
anti-LFA-1 mAb (50 jug/day; i.p.) prolonged allograft survival to 14.1 ± 2.7 days, the addition of IP-3082 (5.0 
mg/kg x 7 days) induced donor-specific transplantation tolerance (>150 days). Furthermore, IP-3082 (5 mg/kg X 
7 days) acted synergistically with anti lymphocyte serum, rapamycin, and brequinar, but not cyclosporin A: a single 
a nti lymphocyte serum (0.2 ml) i.p. injection alone prolonged graft survival to 10 ± 0.5 days (p < 0.01) and in 
combination with IP-3082 (5 mg/kg), to 32.2 ± 8.3 days (p < 0.001); rapamycin (0.1 mg/kg X 7 days; i.v.) alone 
prolonged survival to 13 ± 7.5 days (p < 0.01), and with IP-3082, to 32.4 ± 8.9 days (p < 0.03); brequinar (0.5 
mg/kg X 7 days; oral gavage) alone to 12 ± 2.4 days (p < 0.05), and with IP-3082 (5 mg/kg), to 38.8 ± 30.2 days 
(p < 0.01 ); in contrast, cyclosporin A {5 mg/kg x 7 days; i.v.) alone produced graft survival of 9.8 ± 1 .3 days (p < 
0.1 and in combination with IP-3082 (5 mg/kg), produced survival of 7.8 ± 3.5 days (NS). Thus, antisense 
oligonucleotides may proffer a selective gene-targeted immunosuppressive therapy for organ transplantation. The 
Journal of Immunology, 1994, 153: 5336. 



Numerous studies have demonstrated the inhibi- 
tion of viral and cellular gene expression after 
treatment of cells in culture with oligonucleo- 
tides designed to hybridize to a specific mRNA by 
Watson-Crick base pairing (1-3). Antisense oligonucleo- 
tides may inhibit protein expression by multiple mecha- 
nisms, including translational arrest, inhibition of RNA 
processing, and promotion of the degradation of the tar- 
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geted RNA. Although unmodified phosphodiester oligo- 
nucleotides are effective in in vitro assays, their rapid hy- 
drolysis by serum and cellular nucleases limits their utility 
in vivo (4, 5). In contrast, phosphorothioate oligode- 
oxynucleotides (PS-oligos), 3 in which sulfur is substituted 
for one of the nonbridging oxygen atoms in the phosphate 
backbone, demonstrate greatly increased stability in rela- 
tion to serum and cellular nucleases and, therefore, may be 
very useful for in vivo applications (6). 



3 Abbreviations used in this paper: PS-oligo, phosphorothiate oligonucle- 
otides; ALS, a nti lymphocyte serum; BQR, brequinar; CsA, cyclosporin A; 
DOTMA/DOPE,N-{1(-2,3{-dioleyloxy)propyln*N.N,N-trimethylammon(um 
chloride/dioleoylphosphatidylethanolamine; ICAM-1, intercellular adhe- 
sion molecule-1; MAC-1, macrophage Ag-1; RAPA, rapamycin; VCAM-1, 
vascular cell adhesion molecule-1; VLA-4, very late Ag-4; MST, mean sur- 
vival time; CI, combination index; q.o.d., every second day; GTPDH, glyc- 
eraldehyde triphosphate dehydrogenase. 
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As was recently demonstrated, PS-oligos designed to 
hybridize to different regions of human intercellular adhe- 
sion molecule-1 (ICAM-1; CD54) mRNA inhibited 
ICAM-1 expression in a sequence-specific manner (7). 
The most active PS-oligo hybridized to sequences located 
in the 3 '-untranslated region of ICAM-1 mRNA. The 
ICAM-1 molecule belongs to the Ig-related cell adhesion 
molecule family and is expressed at a low level on the 
surface of endothelial cells and leukocytes (8-10). In re- 
sponse to pro-inflammatory cytokines, such as IL-1, TNF, 
and IFN--y, the expression of ICAM-l molecules is mark- 
edly increased on a variety of cells, including endothelial 
cells and fibroblasts, and is induced on keratinocytes, 
smooth muscle cells, and cardiac myocytes (11). ICAM-1- 
expressing endothelial cells bind circulating leukocytes 
through interactions with the j8 2 integrins, namely LFA-1 
(CDlla) and MAC-1, thereby facilitating emigration of 
leukocytes out of the vasculature (12, 13). 

Furthermore, ICAM-1 interaction with LFA-1 has been 
shown to enhance T cell interaction with APC, T cell- 
dependent activation of B cells, and the killing of target 
cells by neutrophils, NK cells, or Ag-specific cytotoxic T 
cells (14-18). Adhesion of leukocytes to endothelial cells 
requires three overlapping steps, namely rolling, chemoat- 
traction, and strong adhesion (19, 20). Upon activation by 
pro-inflammatory mediators, a family of selectins, namely 
granule-external membrane protein (P-selectin; CD62P), 
endothelial-leukocyte adhesion molecule (E-selectin; 
CD62E), and lymph node homing receptor (L-selectin; 
CD62L) bind to the carbohydrate ligands (sialyl ated 
Lewis 0 and Lewis^, thereby triggering an initial tethering 
of flowing leukocytes to the vessel wall (10, 21). The roll- 
ing of leukocytes along the surface of the endothelial cells 
enhances their exposure to chemoattractants that transduce 
signals, thereby increasing the avidity of integrins (22). 
The firm attachment of leukocytes to endothelial cells in- 
volves an interaction between integrins (LFA-1, MAC-1, 
and very late Ag-4 (VLA-4) molecules) on circulating leu- 
kocytes and Ig-related cell adhesion molecules (ICAM-1, 
ICAM-2, ICAM-3, and vascular cell adhesion molecule-1 
(VCAM-1)) on the endothelial cells (23). Increased ex- 
pression of ICAM-1 molecules correlates with increased 
leukocyte infiltration followed by the rejection of organ 
allografts in both humans and mice (24-26). Direct evi- 
dence for the involvement of ICAM-1 and LFA-1 mole- 
cules in allograft rejection was provided by the treatment 
of heart allograft recipients with anti-ICAM-1 (YN1/1.7.4) 
and anti-LFA-1 (KBA) mAb (27). A 7-day i.p. therapy 
with anti-ICAM-1 or anti-LFA-1 mAb prolonged the sur- 
vival of heart allografts. However, the combination of 
anti-ICAM-1 and anti-LFA-1 mAb induced donor-specific 
transplantation tolerance. These findings suggest that re- 
duction in the expression of ICAM-1 followed by de- 
creased appearance of LFA-l-expressing cells may pro- 
duce potent in vivo immunosuppressive activity. We 
found that mouse ICAM-1 antisense PS-oligos inhibited 



the rejection of heterotopic cardiac allografts and, in com- 
bination with anti-LFA-1 mAb, induced donor-specific 
transplantation tolerance. Furthermore, ICAM-1 antisense 
PS-oligos combined with ant i lymphocyte serum (ALS), 
rapamycin (RAP A), or brequinar (BQR), but not with cy- 
closporin A (CsA), synergistically inhibited the rejection 
of heart allografts. 

Materials and Methods 

Cells and reagents 

Fetai bovine serum was purchased from HyClone (Logan, UT). DMEM 
and Dulbecco's PBS were purchased from Irvine Scientific (Irvine, CA). 
Opti-MEM serum-free medium was obtained from Life Technologies 
(Grand Is land T NY). Prima ria 96-well plates were obtained from Falcon 
Labware (Lincoln Park, NJ). Human rTNF-a and mouse IFN-y were 
purchased from R&D systems (Minneapolis, MN). Anti-LFA-1 mAb 
were obtained from Dr. Yogita (Juntendo University School of Medicine, 
Tokyo, Japan), and anti-VCAM-1 mAb were purchased from Genzyme 
(Cambridge, MA). Anti-ICAM-1 mAb (YN 1/1. 7.4; American Type Cul- 
ture Collection, Rockville, MD) were purified from ascites on a protein 
G column. DOTMA/DOPE (/V-[l(-2,3-dioleyloxy)propyl]]-^,//A-tri- 
methyl-ammonium chloride/dioleoyl phosphatidylethanolamine) solu- 
tion (lipofectin), biotinylatcd goat anti-mouse IgG, and fl-galactosidase- 
conjugated streptavidin were purchased from Bethesda Research Labs 
(Bethesda, MD). The DNA synthesizer reagents, controlled pore glass- 
bound and /J-cyanoethyldiisopTOpylphosphoramidites, were obtained 
from Applied Biosystems (Foster City, CA). Centrex filters were purchased 
from Schleicher & Schuell (Keene, NH). Zeta-Probe nylon blotting mem- 
branes were purchased from Bio-Rad (Richmond, CA). QuickHyb solution 
was purchased from Strategene (La Jolla, CA), and the cDNA labeling kit, 
Prime-a-Gene, was obtained from Promega (Madison, WI), 

PS-oligo synthesis 

PS-oligos were synthesized on a 0.5-mmole scale on a Milligen model 
8800 DNA synthesizer by using modified phosphoramidite chemistries 
with /3-cyanoethoxyphosphoramidites (7). A crude product of approxi- 
mately 70% purity was further purified by orthagonal column chroma- 
tography by using a Millipore HC18-HA column followed by anion ex- 
change chromatography on a Millipore Q-15 strong anion exchanger. The 
purified material was ethanol precipitated, redissolved, and further desalted 
by ultrafiltration. The samples were depyrogenated by ultrafiltration with 
endotoxin levels that had been reduced to below detectable levels. The se- 
quences of the PS-oligos were: IP-3068, AGCTGCGCTGCTACCTGCAC; 
IP-3069, GCCCATTGCAGGGCCAGGGC; IP-3066, GGGTTGAAGCC 
ATTGCAGGG; IP-3070, CTCATCCAGCAGGCTCAGGG; IP-3065, 
CCAGAGGAAGTGGCTGAGGG, 1P-3082, TGCATCCCCCAGGCCAC 
CAT; IP-3806, CAAGTGTGCATCCCCCAGGC; IP-3083, TTGGGAC 
AATGTCTCAGCTT, IP-3084, TGCCAGTCCACATAGTGTTT; and IP- 
3099, TGCTTACCCTCCCACAGCAG. The control PS-oligo sequences 
were: rP-3823, TGCCCCTCACCAGCACGCAT, IP-8997, TCGCATC 
GACCCGCCCACTA, and 1P-4189, CAGCCATGGTTCCCCCCAAC, 
which were scrambled IP3082 sequences; and IP- 1082, GCCGAGGTC 
CATGTCGTACGC, which targets the herpes virus UL-13 gene sequence. 

PS-oligo treatment 

The bEND.3 cells were kindly provided by Dr. Werner Risau, Max- 
Planck Institute, Planegg-Martinsreid, Germany. Cells were treated with 
indicated concentration of PS-oligo in the presence of 15 jig/ml 
DOTMA/DOPE liposome formulation for 4 h. ICAM-1 expression was 
induced by treatment with 5 ng/ml human rTNF-a and 1000 U/ml murine 
IFN-7 for 16 h (7). Cells were fixed with 95% ethanol, and ICAM-l 
expression was quantified by incubation with ICAM-1 mAb (YN 1/1 .7.4), 
followed by incubation with a biotinylated goat anti-rat IgG Ab and 
streptavidin conjugated B-galactosidase. Results are expressed as the per- 
centage of control ICAM-1 expression, which was calculated as follows: 
[((ICAM-1 expression for oligonucleotide-treated cytokine-induced 
cells) - (basal ICAM-1 expression))/((cytokine-induced ICAM-1 ex- 
pression) - (basal ICAM-1 expression))] X 100. Both basal and cyto- 
kine-treated cells were pretreated with DOTMA. 
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RNA isolation and analysis 

Total cellular RNA was isolated by cellular lysis in 4 M guanidinium 
isothiocynate followed by a cesium chloride gradient (28). Total RNA 
was separated on a 1% agarose gel containing 1.1% formaldehyde and 
transferred to nylon membranes. Blots were hybridized for 1 to 2 h in 
QuickHyb solution with the ICAM-1 cDNA probe, which had been la- 
beled with [ 32 P]dCTP with use of random oligonucleotide primers. Blots 
were washed with 2X SSC containing 0.1% SDS at 25°C then washed in 
0.1X SSC containing 0.1% SDS at 60°C. Quantitation of RNA expres- 
sion was performed by using a Phosphorlmager (Molecular Dynamics, 
Sunnyvale, CA). 

Mice 

C3H (H-2 k ), C57BU10 (H-2 b ), C57BL/6 (H-2 b ), and BALB/c (H-2* 1 ) 
female mice, 4 to 6 wk old, were purchased from Harlan Sprague-Dawley 
(Indianapolis, IN), housed in cages in room with controlled light/dark 
cycles, and supplied food and water ad libitum. All experiments were 
approved by the Animal Welfare Committee and conducted in accor- 
dance with the University of Texas Guidelines. 

Heart transplantation 

Heterotopic heart transplantation was performed according to the previ- 
ously described method (29). Donor hearts were perfused through the 
vena cava and aorta with cold heparinized saline before harvesting and 
ligation of the vena cava and pulmonary veins. The donor pulmonary 
artery was anastomosed to the vena cava of the recipient, and the donor 
aorta was anastomosed to the recipient aorta, by using 11-0 nylon suture 
(Ethicom Inc., Sommerville, NY). Cold ischemia time was less than 30 
min. Heart allograft function was examined by daily palpation, and the 
day of heartbeat cessation was regarded as the day of rejection. 



Immunosuppressive modalities 



CsA (Sandoz, Basel, Switzerland) dissolved in cremophor (Sigma Chem- 
ical Co., St. Louis, MO) was delivered via jugular venous infusion by a 
7-day osmotic pump (Alzet, Palo Alto, CA). RAPA (Wyeth Ayerst 
Rouses Point, NY) in a dilutant (Tween 80, 10%; AMJ-dimethylacet- 
amide, 20%; and polyethylene glycol 400, 70%) was infused i.v. by 
7-day osmotic pump. BQR (DuPont, Wilmington, DE) diluted in distilled 
water was administered every second day (q.o.d.) by oral gavage for 7 
days. Rabbit anti-mouse ALS (Accurate Chemicals, New York, NY) was 
injected once i.p. two days before grafting. 

Statistical analysis 

Heart allograft survivals are presented as a mean survival time (MST ± 
SD), with comparison among groups being performed by Gehan's sur- 
vival test. The median-effect principle (30, 31) is on the basis of the 
premise that the effect of each agent is related to its dose and, therefore, 
may be calculated by using the following equation: 



(fu) (om) 



1 1 

Where fa and fu represent the fractions of the system that are affected 
(percent inhibition or days of survival beyond controls) and unaffected 
(1-fa), respectively, by the drug at dose D. Full protection (fa = I) is 
defined as at least a 50-day survival of heart allografts. Dm is the dose 
required for 50% inhibition (ED 50 ), the median effect; m is a coefficient 
that describes the sigmoidicity of the dose-effect curve. Logarithmic con- 
version of the median-effect equation linearizes the relationship: 



log 



(9= 



m log (D) - m log (Dm) 



This relation defines m as the slope of the plot log (fa/fii) v S log dose and 
log Dm as the X-intercept when log (fa/fu) = 0 or fa = fu = 0.5 Them 
value describes the shape of the dose-effect curve, which is hyperbolic 
when m equals 1 and sigmoidal or negatively sigmoidal when m is higher 
or lower than 1. respectively. The linear regression coefficient r describes 



the "goodness" of the fit of the data to the median-effect principle. A 
minimum, r of 0.75 was required to conclude that the data obey the 
median-effect principle. The interaction between two drugs was assessed 
by using the combination index (CI) method (31) for the doses to achieve 
x% inhibition (days of graft survival): 

_ D t combined D 2 combined 
(Dx), alone (Dx^ alone 

for the mutually exclusive case, where both drugs have the same or 
similar modes of action, or the more conservative expression: 

CIX - p i combined Oj combined (D, combined) (D 2 combined) 
(Dx), alone (Dx)2 alone [(Dx^ alone] [(Dx^ alone] 

for the mutually nonexclusive case, where each drug has a different mode 
of action. Computer software (32) was used to automatically determine 
the dose-effect parameters (Dm, m, and r) and the CI values. 

Results 

Selection of ICAM-1 antisense PS-oligos by 
in vitro analysis 

Comparison of the nucleotide sequences of human and 
murine ICAM-1 cDNAs revealed that the cDNA se- 
quences are conserved only 65% (7, 33). The degree of 
conservation was even lower within the untranslated 3'- 
regions, where the most active human antisense PS-oligos 
were identified. Therefore, it was necessary to identify PS- 
oligos that selectively target murine ICAM-1 mRNA. To 
select the most effective PS-oligos for in vivo studies, ten 
PS-oligos (20 mer) were designed to hybridize to different 
regions on the mouse ICAM-1 mRNA (Fig. L4). In par- 
ticular, we selected three mouse sequences in the untrans- 
lated 5'-region and seven mouse sequences in the untrans- 
lated 3'-region. The PS-oligos were screened by an ELISA 
in the presence of a cationic liposome formulation 
(DOTMA/DOPE) for inhibition of ICAM-1 induction in a 
murine endothelioma cell line, bEND.3. The bEND.3 ceils 
expressed a basal level of ICAM-1 that increased signifi- 
cantly after treatment with a combination of human 
TNF-a and murine INF-y. A 4-h preincubation with the 
PS-oligo, followed by a 16-h culture with cytokines, pro- 
duced different effects on ICAM-1 expression. Although 
all of the ICAM-1 antisense PS-oligos inhibited cytokine- 
induced ICAM-1 expression (Fig. 15), IP-3082 and IP- 
3806, which hybridized to the 3 '-untranslated region of the 
ICAM-1 mRNA, were able to lower ICAM-1 protein ex- 
pression to below the basal level of expression (Fig. IB). 
IP-3082 was chosen for further evaluation by using an in 
vitro cellular assay to measure ICAM-1 and VCAM-1 
mRNA expression (Fig. 2). Treatment of bEND.3 cells 
with 50 nM IP-3082 selectively reduced cytokine-induced 
ICAM-1 mRNA by 90% (Fig. 24). The effect of IP-3082 
on ICAM-1 mRNA was sequence specific; three scram- 
bled (IP-3823, IP-8997, and IP-4189) and one unrelated 
(IP-1082) PS-oligos failed to affect ICAM-1 mRNA ex- 
pression. In fact, two scrambled PS-oligos, IP-8997 and 
IP-4189, slightly enhanced ICAM-1 mRNA expression. 
The effect on ICAM-1 was selective: IP-3082 and two 
controls (IP-3823 and IP-8997) only slightly reduced 
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FIGURE 1. Specific inhibition by 1-3082 of ICAM-1 mRNA expression. bEND.3 cells treated for 4 h with 50 nM ICAM-1 
antisense 1-3082, three scrambled control PS-oligos, 1-3823, 1-8997, and 1-4189, or unrelated 1-1 082 controls were stimulated 
for 2 h with 5 ng/ml TNF-ot and 1000 U/ml murine IFN-y. Total cellular RNA was analyzed by Northern blot using a random 
primed murine ICAM-1 (A), VCAM-1 (S),orC3PDH (O cDNA probe. The ICAM-1 , VCAM-1 , or G3PDH mRNA was quantified 
by a Phosphorlmager (Sunnyvale, CA). The G3PDH probe demonstrated equal loading of the gel lanes. 



VCAM-1 mRNA expression (up to 25%). Furthermore, 
IP-3082 and control PS-oligos did not affect the glyceral- 
dehyde triphosphate dehydrogenase (G3PDH) transcripts 
(Fig. 2Q. These results showed that, among 10 ICAM-1 
antisense PS-oligos, IP-3082, which hybridizes to the 3'- 
end untranslated region, effectively inhibited ICAM-1 pro- 
tein expression and reduced the level of ICAM-1 mRNA 
in bEND.3 endothelial cells. Thus, in vitro data strongly 
suggest that IP-3082 inhibits ICAM-1 expression by 
means of an antisense mechanism. 

Effect of ICAM-1 antisense P5-3082 on heart 
allograft survival 

The in vivo activity of PS-oligos was examined in a 
mouse heterotopic cardiac transplant model (29). 
ICAM-1 antisense PS-oligo, IP-3082, unrelated IP-1082 
control, or scrambled IP-4189 control was delivered Lv. 
by a 7-day osmotic pump. Untreated C3H(H-2 k ) mice 
rejected C57BL/10 (H-2 b ) vascularized heart allografts 
at a MST of 7.7 ± 1.4 days (Table I). A 7-day infusion 
of the control IP-1082 at a dose of either 5 or 10 mg/ 



kg/day did not affect allograft survival. Similarly, a 
scrambled IP-4189 control (10 mg/kg) did not signifi- 
cantly affect heart allograft survival (9 ± 0.8 days; NS). 
In contrast, infusion of the ICAM-1 antisense IP-3082 
prolonged allograft survival in a dose-dependent fash- 
ion: 1.25 mg/kg/day of IP-3082 prolonged graft survival 
to 11 ± 0 days; 2.5 mg/kg/day, to 12 ± 2.7 days; 5 
mg/kg/day, to 14.1 ± 2.7 days; and 10 mg/kg/day, to 
15.3 ± 5.8 days (all p < 0.01). Extended 14-day treat- 
ment with IP-3082 (5 mg/kg/day) further increased graft 
survival up to 30 days. Almost identical results were 
produced in two additional donor-recipient combina- 
tions, namely BALB/c (H-2 d ) to C3H and C57BL/6 (H- 
2 b ) to BALB/c (data not shown). The effectiveness of 
the immunosuppression was documented by histologic 
examination of grafts on day 6 after transplantation. 
Syngeneic C57B1710 hearts transplanted to C57BL/10 
recipients showed mild infiltration with mononuclear 
cells (10% of the myocardium) compared with normal 
controls (Fig. 3, A and B). Heart allografts from un- 
treated recipients displayed strong infiltration with 
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FIGURE 2. Histology of C57BL/10 
hearts. A) normal, control heart. B) synge- 
neic heart graft 6 days after transplantation 
demonstrating mild infiltration of 10% of 
the tissue. Q allogeneic heart graft 6 days 
after grafting to untreated recipient demon- 
strating massive infiltration of leukocytes 
and neutrophils with severe necrosis and 
interstitial hemorrhage. D) allogeneic graft 
6 days after transplantation to recipient 
treated with 10 mgfcg/day 1CAM-1 1-3082 
demonstrating mild infiltration of 20% of 
the tissue. All sections were fixed in 10% 
formalin and stained with H&E. Original 
magnification is X200. 
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Table I. Effect of ICAM-1 antisense IP-3082 on C57BL/10 (H-?) heart allograft survival in C3H (H-2"j recipient? 



Treatment 



PS-oligos (days) 



mg/kg/day 



Craft Survival (days.) 



MST ± SO 



None 

IP-1082 (X7) 

1P-4189 (X7) 
IP-3082 <X7) 



IP-3082 (XI 4) 



5.0 
10.0 
10.0 
1.25 
2.5 
5.0 
10.0 
5.0 



6, 7 X 3, 8, 9, 10 
6, 7 x 3, 8 X 2 
6, 7 X 2, 8 

8, 9 X 2, 10 
11X3 

9, 10, 12, 13, 16 

10, 12 X 2, 13, 16 X 2, 17 X 2 
12 X 2, 13, 24 

1 6, 1 7, 29, 30 



7.7 ± 1.4 
7.1 ± 0.7 
7.0 ± 0.8 
9.0 ± 0.8 
11 .0 ± 0 

12.0 t. 2.7 

14.1 ± 2.7 
15.3 ± 5.8 
23.0 ± 7.5 



NS 
NS 
NS 
0.001 
0.01 
0.01 
0.01 
0.001 



* Recipients were untreated or infused i.v. by 7-day (X7) osmotic pump with 5 or 10 mg/kg control IP-1082 (17), 10 mg/kg control IP-4189, or 1 .25 2.5, 5, 
or 1 0 mg/kg antisense IP-3082 starting at the day of transplantation. In one group of mice, 5 mg/kg IP-3082 was infused i.v. for 14 (X 14) days. Heart allografts were 
evaluated daily by palpation, and the day of heart beat cessation was considered the day of rejection. 



mononuclear cells and neutrophils. This effect was as- myocardium, and papillary muscles (Fig. 3C). In contrast, 
sociated with severe necrosis and mineralization, which heart allografts from recipients treated with IP-3082 (5 mg/ 
formed a dense band that affected 60% of the epicardium, kg/day) showed only scattered infiltration with mononuclear 
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FIGURE 3. Combined errecf or K'AM- 1 <m- 
tisense 1-3082 and anti-LFA-l niAb iKHA) on 
heart allograft survival. C3H recipients of 
C57BL/I0 hearts were either untreated or 
treated with daily i.p. injection for 7 days of 
KBA Ab (50 jug/day) alone, 1-3082 (5 mt^kty 
da vi i.v. by 7 <iay osmotic pump a!<vv?, o r 
combination or KBA mAb \50 jutg/tltiyi i.p. 
and 1-3082 {5 mg/kg/dayj i.v. for 7 days. 




cells in 20% of the myocardium (Fig. 3D). Thus. we con- 
clude that ICAM-1 antisense IP- 3082 inhibits infiltration and 
subsequent destruction of heart allograft tissue by host cells. 

Combined effect of ICAM-1 antisense IP-MM2 and 
anti-LFA-l mAb on heart allograft survival 

The in vivo effects of the ICAM-1 antisense PS-oliiio IP- 
3082 in conjunction with anti-LFA-l mAb (KBA) were 
examined in the C57BL/10 to C3H combination. A 7-day 
treatment with i.p. injections of anti-LFA-l mAb (SO jluv 
day) or i.v. infusion of IP-30H2 (5 mg/kg/day) prolonged 
allograft survival to 10.6 i 4.6 days and 14.1 2.7 days, 
respectively (Fig. 4). Combined treatment with the two 
agents for 7 days resulted in indefinite survival of heart 
allografts (>150 days: /; < 0.001). The interact ion of 1P- 
3082 and anti-LFA-l mAb was evaluated by the median 
effect analysis (30). The MST values revealed a dose-de- 
pendent effect of individual agents: linear regression co- 



efficient (/■) values were higher than 0.75. thereby allowing 
further analysis. The / value for IP-3082 was calculated on 
the basis of the results presented in Table I. Three indi- 
vidual doses of anti-LFA mAb were examined: 25 /ig/dav 
for 7 days was ineffective (7.7 ± 0.6): 50 fig/day pro- 
longed graft survival to !().(> x 4.6 days: and 100 /xg/day 
prolonged survival to 15.0 ± 5.9 days (p < 0.01). CI value 
calculated for a combination of 5 mg/kg/day IP-3082 and 
50 p.g/day anti-LFA-l mAb was 0.00 1, indicating strong 
synergism (CI = I shows additive, and CI < I or CI > 1 
shows synergistic or antagonistic interaction, respective- 
ly). Recipients bearing C57BL/I0 hearts for 65 days 
(/1 = 4) were transplanted with donor-type C57BL/I0 and 
third-party BALB/c (H-2 d ) skin allografts. The induction 
of transplantation tolerance was confirmed by permanent 
acceptance of donor-type skin grafts (>i<)0 days) and 
acute rejection of third party grafts in 9 ± 0 days (data not 
shown). Control C3H mice (n - 5) rejected C57BL/IO and 
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FIGURE 4. Identification of a murine ICAM-1 antisense PS- 
oligo. A) the approximate position of 10 PS-oligos designed 
to hybridize to different regions of the ICAM-1 mRNA: 
1-3068, 1-3069, and 1-3066 in the untranslated 5 '-end region; 
and 1-3083 and 1-3084 in the untranslated 3'-end regions. B) 
murine endothelioma cells, bEND.3, were treated with 300 
nM of the indicated PS-oligo in the presence of 15 /xg/ml 
DOTMA/DOPE liposome formulation for 4 h in serum-free 
medium, as previously described by Chiang et al. (7) and 
Bennett et al. (57). Medium was replaced with DM EM con- 
taining 10% fetal bovine serum, and ICAM-1 expression was 
induced with human TNF-a (5 ng/ml) and murine IFN-y 
(1000 U/ml). ICAM-1 expression was quantified 16 h after 
induction by an ELISA (7). Under basal conditions, approxi- 
mately 35% of the bEND.3 cells express ICAM-1 as deter- 
mined by flow cytometry (data not shown). 



BALB/c grafts in 9.2 ± 0.8 days and 8.1 ± 0.6 days, 
respectively. These results indicate that the combination of 
ICAM-1 antisense PS-oligo, PS-3082, and anti-LFA-1 
mAb induces donor-specific transplantation tolerance. 

Effect of ICAM-1 antisense IP-3082 in combination 
with ALS, RAPA, BQR, or CsA on heart 
allograft survival 

The interaction of IP-3082 with different immunosuppres- 
sive agents, namely ALS (34), RAPA (35, 36), BQR (37), 
and CsA (38-40), was examined in C3H recipients of 
C57BU10 heart allografts. Median effect analysis was 
used to calculate the individual effects of IP-3082 (Table 
I), ALS (Table II), RAPA (Table III), BQR (Table IV), 
and CsA (Table V) as well as the combined effects of 
IP-3082 with ALS, RAPA, BQR, or CsA. A single i.p. 
injection of ALS two days before transplantation pro- 
longed graft survival: 0.1 ml prolonged graft survival to 9 
± 0 days; 0.2 ml, to 10.4 ± 0.5 days; and 0.4 ml, to 14 ± 
2.1 days (all p < 0.01; Table II). The combination of 0.2 
ml ALS and IP-3082 (5, 10, or 20 mg/kg/day X 7 days) 
extended allograft survivals to 32.2 ± 8.3 days, 37.0 i 5.8 
days, and 72.0 ± 49.1 days, respectively (all p < 0.01; 
CI < 0.001). RAPA (0.05, 0.1, or 0.2 mg/kg/day) alone 
delivered i.v. by a 7-day osmotic pump immunosup- 
pressed rejection in a dose-dependent fashion (Table III). 
Combining 0.1 mg/kg RAPA with 5 mg/kg IP-3082 pro- 



longed graft survival to 32.4 ± 8.9 days, and combining it 
with 10.0 mg/kg IP-3082, to 36.3 ± 6.1 days (both p < 
0.01; CI < 0.02). Oral gavage with BQR (0.5, 1, and 2 
mg/kg/day) delivered every second day (q.o.d.) for 7 days 
prolonged allograft survival to 12 ± 2.4 days, 17.6 ± 3.4 
days, and 20 ± 4.1 days, respectively (Table IV; all 
<0.01); the combination of 0.5 mg/kg BQR and 5 mg/kg 
IP-3082 resulted in a MST of 38.8 ± 30.2 days (p < 0.01 ; 
CI = 0.007). Although a 7-day i.v. infusion of 2.5 or 5 
mg/kg/day CsA was ineffective, 10 or 20 mg/kg/day CsA 
prolonged allograft survival. Adding IP-3082 (5 or 10 mg/ 
kg/day) to 5 mg/kg/day CsA did not improve graft surviv- 
als with CI values of 14.1 and 51, respectively (Table V). 
Similarly, combining control IP-1082 (5 mg/kg) and CsA 
(5 mg/kg) did not affect heart allograft survival (9.2 ± 2.2 
days; NS; data not shown). These results show that 
ICAM-1 antisense IP-3082 synergistically interacts with 
different immunosuppressive modalities (ALS, RAPA, 
and BQR), but not with CsA, to block allograft rejection. 

Discussion 

These experiments were designed to select an ICAM-1 
antisense PS-oligo for gene-targeted immunosuppressive 
therapy to block heart allograft rejection. The results doc- 
umented that in vitro screening allowed the determination 
of a very effective target region for PS-oligo on mouse 
ICAM-1 mRNA. Interestingly, the most active PS-oligo 
(IP-3082) hybridized to the 3 '-untranslated region of 
ICAM-1 mRNA. IP-3082 inhibited in vitro expression of 
cytokine-induced ICAM-1 protein on bEND.3 endotheli- 
oma cells. Furthermore, under the same experimental con- 
ditions, IP-3082 inhibited cytokine-induced ICAM-1 
mRNA by 95%. Similar results were observed during 
analysis of 35 PS-oligos that target human ICAM-1 
mRNA, which were the most effective PS-oligos hybrid- 
ized to the 3 '-untranslated region (7, 41). The human 
ICAM-1 antisense PS-oligos seem to inhibit ICAM-1 ex- 
pression by a mechanism involving RNase H hydrolysis of 
the target mRNA. The inhibitory activity was lost when 
the ICAM-1 antisense PS-oligos were modified by substi- 
tution on the 2'-position of the sugar by fluoro, 0-methyl, 
or O-propyl (7, 41). Such substitutions enhanced binding 
of the PS-oligo to the target mRNA, but do not support 
RNase H hydrolysis. Similar results were obtained with 
mouse antisense PS-oligos (data not shown), which sug- 
gests that PS-3082 inhibits ICAM-1 expression, at least in 
part, through a RNase H mechanism. 

The in vitro studies were extended to an in vivo analysis 
to examine the effect of the ICAM-1 antisense PS-oligo, 
IP-3082, in a model of complex inflammatory response to 
organ allografts. Previously, it has been demonstrated that 
anti-ICAM-1 mAb significantly prolongs heart allograft 
survival, implicating ICAM-1 in the rejection process 
(27). The ICAM-1 antisense PS-oligo, IP-3082, extended 
heart allograft survival in a dose-dependent fashion when 
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Treatment 



IP-3082 
ALS (ml) 


(mg/kg/day) 


Heart Survival 
(days) 


MST ± SD 


P 


CI 


None 




6, 7 X 3, 8, 9, 10 


7.7 ± 1.4 






0.1 




9X4 


9.0 ± 0.0 


0.01 




0.2 




10 X 3, 11 X 2 


10.4 ± 0.5 


0.01 




0.4 




11, 14, 15, 16 


14.0 ± 2.1 


0.01 




0.2 


5.0 


20, 30, 31, 39, 41 


32.2 ± 8.3 


0.01 


0.003 


0.2 


10.0 


32 X 2, 41, 43 


37.0 ± 5.8 


0.01 


0.001 


0.2 


20.0 


33, 34, 54, 89, >150 


72.0 ± 49.1 


0.01 


0.001 


J ALS was injected 


i.p. one time 2 days 


before transplantation; IP-3082, i.v. by 


a 7-day osmotic pump. 







Table III. Combined effect of RAPA and ICAM-1 antisense IP-3082 on heart allograft survival* 



Treatment 



RAPA 


IP-30fl2 


Heart Survival 








(mg/kg/day) 


(mg/kg/day) 


(days) 


MST * SD 


P 


CI 


None 




6, 7 X 3, 8, 9, 1 0 


7.7 ± 1.4 






0.05 




6 X 2, 7, 9 X 2 


7.4 ± 1.4 


NS 




0.1 




10, 11, 20 X 2, 21 


13.0 ± 7.5 


0.01 




0.2 




12, 14, 17, 18, 39 


20.0 ± 10.9 


0.01 




0.1 


5.0 


23, 24, 33, 39, 43 


32.4 ± 8.9 


0.01 


0.03 


0.1 


10.0 


32 X 2, 36, 45 


36.3 ± 6.1 


0.01 


0.02 


J RAPA was delivered i.v. 


by a 7-day osmotic pump; IP-3082, as in Table II. 




* 




Table IV. Combined effect of BQR and ICAM-1 antisense IP-3082 on heart allograft survival 3 






Treatment 












BQR 


IP-3082 










(mg/kg/day) 


(mg/kg/day) 


Heart Survival (days) 


MST ± SD 


p 


CI 


None 




6, 7 X 3, 8, 9, 10 


7.7 ± 1.4 






0.5 




9, 11 X 2, 14, 15 


12.0 ± 2.4 


0.05 




1.0 




13, 16, 18, 19, 22 


17.6 ± 3.4 


0.01 




2.0 




15, 17, 20, 23, 25 


20.0 ± 4.1 


0.01 




0.5 


5.0 


21, 24, 28, 29, 31, >100 


38.8 ± 30.2 


0.01 


0.001 



* BQR was delivered every second day by oral gavage; IP-3082 was delivered as in Table It. 



administered for 7 days i.v. by osmotic pumps. Treatment 
of C3H recipients with 5 mg/kg/day IP-3082 for 7 days 
prolonged C57BL/10 heart allograft survival from 7.7 ± 
1.4 days in untreated controls to 14.1 ± 2.7 days, produc- 
ing an effective immunosuppression 5 to 7 days beyond 
termination of therapy. Similar results were obtained by 
using the 7-day anti-ICAM-1 mAb (27). Thus, the 
ICAM-1 antisense PS-oligo and anti-ICAM-1 mAb pro- 
duced almost identical in vivo immunosuppressive effects. 

Although these results are consistent with the anti- 
sense mechanism of immunosuppression, we cannot de- 
finitively conclude that IP-3082 acts by such a mecha- 
nism in vivo. The in vitro results suggest that IP-3082 
acts in a sequence-specific fashion, that is, by blocking 
ICAM-1, but not VCAM-1 or G3PDH, expression. In 
the in vivo heart allograft model, the same IP-3082 pro- 
longed heart allograft survival. A similar effect was not 
observed after treatment with a nonspecific IP- 1082 or 



a scrambled IP-4189 control. Thus, both the in vitro and 
in vivo IP-3082 effects are sequence specific and, there- 
fore, are consistent with antisense mechanisms. The IP- 
3082 therapy reduced leukocyte infiltration of heart al- 
lografts, as would be expected by the activity of an 
ICAM-1 antisense PS-oligo. To inhibit ICAM-1 expres- 
sion, the IP-3082 may act directly on ICAM-1 mole- 
cules present on the allograft or indirectly on the in- 
flammatory cells that migrate to the graft. The latter 
effect may result in a decreased production of cytokines, 
leading to diminished ICAM-1 expression and reduced 
infiltration of heart allografts. Experiments are in 
progress to elucidate the in vivo mechanism of immu- 
nosuppression by IP-3082 antisense PS-oligo in this 
complex transplant model. Furthermore, IP-3082 has 
shown activity in other inflammatory models, such as 
dextran sulfate-induced colitis and collagen-induced ar- 
thritis, thereby demonstrating that the same PS-oligo 
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Table V. 



Combined effect of CsA and ICAM- 1 antisense IP-3082 on heart allograft survival* 



Treatment 



CsA 
(mg/kg/day) 



IP-3082 
(mg/kg/day) 



Heart Survival (days) 



None 
2.5 
5.0 

10.0 

20.0 
5.0 

10.0 



MST ± SO 



Cf 



5.0 
5.0 



6, 7 X 3, 8, 9, 10 
6 x 2, 7, 8, 9 

8, 9, 10, 11 X 2 
8, 13, 14, 19, 21 
14 X 3, 17 X 2 

7, 8, 9 X 2, 10 X 2 
6 X 3, 7, 14 



> CsA was delivered by a 7-day osmotic pump; (-3082 was delivered as in Table II. 



7.7 ± 1.4 
7.2 ± 1.3 

9.8 ± 1.3 
15.0 ± 5.1 
15.2 ± 1.6 

8.8 ± 1.1 
7.8 t 3.5 



NS 
NS 
0.01 
0.01 
NS 
NS 



14.1 
51.0 



activity in vivo is not limited to a single model (C. F. 
Bennett and T. Geiger, unpublished observations). 

The antisense ICAM-1 PS-oligo, IP-3082, interacted 
synergistically with other immunosuppressive agents, but 
not with CsA, to block heart allograft rejection. Most strik- 
ingly, the combination of IP-3082 and anti-LFA-1 mAb 
produced donor-specific transplantation tolerance. Similar 
results were described for the combination of anti- 
ICAM-1 and anti-LFA-1 mAb (27). Thus, both experi- 
mental procedures support the conclusion that ICAM-1 
and LFA-1 are important for allograft rejection. ICAM-1 
are expressed at low levels on normal endothelial cells, but 
not on myocytes or endocardium (42). During allograft 
rejection, ICAM-1 expression increases on endothelial 
cells and is induced on myocytes and the endocardium 
(43). In contrast, /3 2 integrins are not expressed on cardiac 
tissue but are present on circulating leukocytes (42). There 
are at least two mechanisms by which ICAM-1 and LFA-1 
may contribute to the allograft rejection process, namely, 
by facilitating emigration of leukocytes into the cardiac 
tissue and providing the co-activation signals to the leu- 
kocytes (9, 11, 14-18). In the absence of co-activation 
signals, T cells may become anergic or even clonally de- 
leted (44, 45). In addition to ICAM-1 and LFA-1, other 
adhesion molecules may facilitate emigration and provide 
co-stimulatory signals to leukocytes (9, 10, 42). In partic- 
ular, three ligands (ICAM-1, ICAM-2, and ICAM-3) bind 
to LFA-1 and three ligands (LFA-1, Mac-1, and CD43) 
may bind to ICAM-1. Therefore, inhibition of ICAM-1 or 
LFA-1 alone may not be sufficient to produce a strong in 
vivo effect. In contrast, the combination of two agents that 
inhibit ICAM-1 and LFA-1 expression produced a potent 
immunosuppressive effect, thereby inducing tolerance 

In addition, IP-3082 synergistically prolonged heart al- 
lograft survival when combined with ALS, RAPA, or 
BQR. These immunosuppressive modalities act in differ- 
ent fashions: ALS decreases the level of T cells, including 
alloantigen-specific T cells (34); RAPA inhibits the trans- 
duction of signals delivered by lymphokines (35); and 
BQR blocks the dehydroorotate dehydrogenase enzyme 
that is required for pyrimidine synthesis (37). Interest- 
ingly, all three agents acting by distinct mechanisms in- 
teracted in a synergistic fashion with IP-3082 to prolong 



allograft survival, as documented by CI values below 0.02 
In contrast, CsA, which blocks calcineurin activity, 
thereby inhibiting synthesis of lymphokines by T cells 
(38), did not potentiate the immunosuppressive effect of 
IP-3082. It is possible that CsA may inhibit ICAM-1 ex- 
pression and that this might diminish the activity of IP- 
3082. However, CsA is not very effective in mice; as much 
as 75 mg/kg/day was required to block skin allograft re- 
jection (46), and 20 mg/kg/day CsA was needed to fully 
protect vascularized heart allografts from rejection (Table 
V). In vivo treatment with 15 to 45 mg/kg/day CsA did not 
affect alloantigen-induced performances of explanted T 
cells (39). Because mice are resistant to the immunosup- 
pressive effect of CsA, it is unclear whether the antago- 
nism between CsA and IP-3082 is a result of a pharma- 
cologic or a pharmacokinetic reason. Similarly, control 
IP-1082 combined with CsA did not affect heart allograft 
survival. However, CsA is very effective in rats (47): 
2 mg/kg/day CsA prevented heart allografts from rejec- 
tion, 10 mg/kg/day CsA delivered for 14 days induced 
indefinite allograft survival. These in vivo results corre- 
lated with a dose-dependent inhibition of in vitro immune 
responses by T cells obtained from imraunosuppressed re- 
cipients. Therefore, we plan to evaluate the interaction be- 
tween CsA and rat ICAM-1 antisense PS-oligo in rats. 

ICAM-1 antisense IP-3082 seems to be well-tolerated at 
therapeutic doses without producing signs of toxicity. In 
fact, administration of IP-3082 to mice at a dose of 100 
nig/kg/day q.o.d. for 14 days, did not produce any major 
toxic effects. Most important, in contrast with xenogeneic 
mAb, IP-3082 does not induce an antigenic response in 
animals (D. Kornbrust, unpublished observation). Further- 
more, the pharmacokinetics of PS-oligos suggest that they 
are very efficient, and that they last long in vivo. Within 
4 h, PS-oligos injected once i.v. accumulated predomi- 
nantly in the liver (23%), kidney renal cortex (14%), me- 
dulla (3%), bone marrow (14%), and skin (13%). Metab- 
olism of PS-oligos differed among organs. After 24 h, 
approximately 15% of the PS-oligo was intact in the liver, 
but as much as 40% was intact in the kidney (48). In 
blood, PS-oligos were found almost completely in the 
plasma fraction bound with low affinity to albumin and 
a 2 -macroglobulin. 
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Experiments in monkeys were performed to examine 
the effectiveness of anti-ICAM-1 mAb (R6.5) to block re- 
jection of kidney allografts (49). As in humans, ICAM-1 is 
expressed on the vascular endothelium in normal kidney. 
During rejection, ICAM-l expression increased on endothe- 
lial and tubular cells and leukocytes, and this increase corre- 
lated with massive infiltration of grafts. Anti-ICAM-i mAb 
treatment decreased cellular infiltration and allowed admin- 
istration of lower CsA doses. Recent clinical trials conducted 
in high-risk kidney allograft patients showed that adding 
mouse anti-ICAM-1 mAb (BIRR1) in a 14-day postoperative 
period to the triple-drug therapy (CsA, azathioprine, and cor- 
ticosteroids) improved 1-yr allograft survival from 56 to 78% 
(50). However, 16 of the 18 patients developed human anti- 
mouse Abs, which were detected between 3 to 14 days after 
completion of therapy with the B1RR1 mAb. 

The P$-oligos used in this study for in vitro inhibition 
of ICAM-l expression were added to the cultures in the 
presence of cationic liposomes. As previously shown, cat- 
ionic liposomes enhance the activity of an ICAM-l anti- 
sense PS-oligo (51-57). Interestingly, the same PS-oligo, 
IP-3082, that inhibited ICAM-l expression in bEND.3 
cells in the presence of cationic lipids, prolonged heart 
allograft survival when delivered to recipients by i.v. in- 
fusion suspended in saline without cationic liposomes. 
Similar observations have been noted with PS-oligos that 
targeted murine protein kinase C-a. An i.p. administration 
of this PS-oligo resulted in a selective reduction of protein 
kinase C-a mRNA in the livers of treated animals (58). 
Furthermore, several reports showed that local delivery of 
PS-oligos in the absence of cationic liposomes inhibited 
expression of the targeted gene (59-61). For example, a 
c-myb PS-oligo incorporated into a pluronic gel inhibited 
c-myb expression and smooth muscle cell proliferation in 
injured arteries (59). In another study, a c-myb antisense 
PS-oligo infused i.p. by a 7-day osmotic pump to scid 
mice bearing the human K562 myeloma leukemia tumor- 
prolonged survival sixfold in comparison with untreated 
controls (62). Antisense, but not sense, PS-oligos comple- 
mentary to the initiation codon of the nuclear factor-KB 
mRNA blocked development of fibrosarcoma in trans- 
genic mice (63). To our knowledge, this study reports the 
first example of pharmacologic activity of an antisense 
PS-oligo by i.v. systemic administration in a model of a 
complex inflammatory process. In conclusion, our in vivo 
results demonstrate that antisense technology may proffer 
a new method of nontoxic and gene-targeted immunosup- 
pressive treatment for organ transplantation. 
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ABSTRACT 

5'-TTGCTTCCATCTTCCTCGTC-3' (ISIS 2105) is a phospho- 
rothioate oligodeoxynucleotide currently being evaluated as an 
intralesional antiviral drug for the treatment of genital warts that 
are caused by the human papillomavirus. ISIS 21 05, labeled with 
"C (at the carbon-2 position of thymine) was administered as a 
single i.v. injection (3.6 mg/kg) to female Sprague-Dawtey rats 
to assess the disposition of the drug. After i.v. administration of 
[ 14 C]2105, blood radioactivity disappeared in a muttiexponential 
manner with the half-lives of the phases equal to 0.4, 1.9, 7.1 
and 5,1 nr. The initial volume of distribution was 22 ml and the 
postdistribution volume of distribution was 1076 ml, which indi- 
cated an extensive distribution of radioactivity. The apparent 
blood clearance was 14.7 ml/hr. The radioactivity in the expired 
air accounted for 51% of the administered dose over the 1 0-day 
period. Urinary and fecal radioactivity accounted for 15% and 
5% of the administered dose, respectively. The major sites of 
radioactivity uptake were the liver (up to 22.6% of the dose), 
kidneys (renal cortex, up to 14% of the dose), bone marrow (up 
to 14% of the dose), skin (up to 13% of the dose) and skeletal 
muscle (up to 9% of the dose). Other tissues contained approx- 



imately 1% or less of the dose. The overall recovery of radioac- 
tivity 1 0 days postdosing was 95.1 ± 7.5% (mean ± S.D.) of the 
administered single dose. The radioactivity in the blood was 
almost completely in the plasma during the course of the study. 
In the plasma, the radioactivity was extensively bound to pro- 
teins, as assessed by size-exclusion high-performance liquid 
chromatography (HPLC), in samples up to 8 hr postdosing. 
Retention data on size-exclusion HPLC and in vitro incubations 
using purified proteins suggested that the plasma proteins that 
bound [ 14 C]21 05 were albumin and aHnacroglobulin. The com- 
plex formed between the plasma proteins and [ 14 C]21 05-derived 
radioactivity was dissociated on anion-exchange HPLC to indi- 
cate that the great majority of plasma radioactivity coeluted with 
intact [ t4 C]2105 in samples that contained sufficient radioactivity 
for analysis. There was a time-dependent decrease in the pro- 
portion of hepatic and renal radioactivity that coeluted with the 
intact [ 14 C]2105 during the course of the study. The urine die 
not contain radioactivity that eiuted with intact [ 14 C]2105 or 
anion-exchange HPLC. 



Substantial interest in the development of oligonucleotide - 
based therapeutic agents has been generated (Zamencik et at, 
1978; Stein et oL, 1988; Mirabelli et aL, 1991; Crooke, 1992). 
Several first-generation oligonucleotide analogs, in which one 
or more of the substituents on the internucleotide phosphate 
are modified, e.g., phosphorothioates, methylphosphonates and 
phosphorodithioates, have been synthesized and tested (Mat- 
sukura et al., 1987; Crooke, 1992). Each of these modifications 
was shown to enhance the nuclease stability of oligonucleotides 
significantly (Agrawal and Goodchild, 1987; Crooke, 1991). 

Phosphorothioate oligodeoxynucleotides have been studied 
extensively as potential antisense therapeutic agents. They 
displayed potent antiviral activities and inhibitory activities 
against a wide range of mammalian gene products (Mirabelli et 
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al., 1991; Crooke, 1992). Although phosphorothioate oligode 
oxynucleotides may display pharmacological activities that art 
the result of mechanisms other than antisense, typically, non 
antisense effects occur at doses significantly greater than th« 
antisense effects (Mirabelli et at., 1991; Crooke, 1992). Optima 
antisense activities for phosphorothioate oligodeoxynucleotide: 
are usually observed with oligonucleotides that are 18 to 2! 
nucleotides in length (Cohen, 1989). 

Phosphorothioate oligodeoxynucleotides have been shown U 
be stable (half-lives > 24 hr) in serum, cell h o mo ge nates, cells 
cerebrospinal fluid and organs (Crooke, 1991; Campbell et al. 
1990; Agrawal et aL, 1988; Crooke, 1993; Stein et aL, 1988; Lok. 
et aL, 1989; Hoke et aL, 1991). They were taken up by man; 
types of cells in tissue culture (for review, see Crooke, 199] 
Crooke, 1993) and cellular uptake and in vivo activities caj 
sometimes be enhanced by cationic lipids (Bennett et aL, 1995 
Perlaky et aL, 1993). 



ABBREVIATIONS: HPLC, high-performance liquid chromatography; SE-HPLC, size-exclusion HPLC; SAX-HPLC, strong anion-exchange HPLC 
ISIS 2105, 5'-TTGCTTCCATCTTCCTCGTC-3'; AUC, area under the plasma curve. 
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Two previous studies investigated the pharmacokinetics of 



cpm/Vmol and had approximately 97.6% phosphorothiodiester content 
(vs. 2.4% phosphodiester) as determined by high-field nuclear magnetic 
resonance (500 MH2, University of Missouri, Columbia, MO). 

Formulation of "C-ISIS 2105 in phosphate- buffered saline. 
We formulated 2.22 x 10» cpm (11.7 M mol) of the purified product by 
dilution in phosphate-buffered saline. pH 7.0, (Irvine Scientific, Pasa- 
dena, CA) to deliver 2 x 10 7 cpm per 100-^1 injection. The solution waa 
sterile filtered through a 0.22-jxm cellulose acetate filter (S&S Uniflow, 
Keene, NH) and the radioactivity was determined in~ 100 fi\ by 
aqueous scintillation. 

Animals 

Young adult female Sprague-Dawley rats (9-10 weeks old, 175-209 
g at the time of randomization) were purchased from Taconic Farms 
(Germantown, NY). The animals were acclimated to the surroundings 
of the animal facility used for radioactive studies for approximately 1 
week before dosing and were examined by a veterinarian before they 
were assigned to the study. During acclimation, the rats were housed 
in individual stainless steel suspended cages with noncontact bedding 
(Cellu-dri, Shepherd Specialty Papers, Kalamazoo, MI). Twenty-four 
hours before dosing, the rats to be used for urine, feces and expired air 
collection were transferred to Nalgene metabolism cages (Nalge, Roch- 
ester, NY). At the time of dosing, the animals used for the collection 
of urine, feces and expired air were transferred to glass metabolism 
cages (Vanguard International, Neptune, NJ). The animals used for 
the collection of retro-orbital blood samples, but not for urine and 
feces, were housed individually in stainless Bteel suspended cages. Each 
cage was labeled with the animal identification number. Food and 
water were allowed ad libitum. The food consisted of Purina Standard 
Rodent Chow (#5001, Raltech Scientific Services, St. Louis, MO) in 
pellet form. The water was city tap water. 

Compound Administration 

The ["CJ2105 was administered in solution in phosphate buffer, pH 
7, to rats by i.v. injection (100 pi) into the caudal tail vein. The 
concentration of ["C]2105 was 1.2 mM; therefore, the dose level was 
approximately 3.6 mg/kg. The actual doses administered were calcu- 
lated by using the assayed concentration of radioactivity in a 100-fil 
volume of the formulation.The [ 14 C]2105 was administered to 25 female 
rats. Five rats were used for the collection of urine, feces, expired air 
and tissues at the time of sacrifice. The remaining 20 animals were 
used for the collection of blood at intervals after dosing and tissues at 
the time of sacrifice. 

Sample Collection 

Urine and feces. Urine and feces were collected from the five 
animals housed in glass metabolism cages at 0 to 4, 4 to 8, 8 to 24, 24 
to 48, 48 to 72, 72 to 96, 96 to 120, 120 to 144, 144 to 168,* 168 to 192, 
192 to 216 and 216 to 240 hr after administration of [ U C]2105. 

The urine and feces were frozen immediately on excretion and were 
kept frozen for the entire collection period Before sacrifice, the animals 
were made to urinate by gentle pressure on the urinary bladder and 
this urine was combined with the last sample collected. A thorough 
cage wash with water was performed at the time of sacrifice. At sacrifice, 
the blood and plasma were obtained as described subsequently. Urine, 
feces and cage washings were stored in a -20*C freezer. 

Expired air. The radioactivity in the expired air was collected from 
the five animals housed in glass metabolism cages in a series of two 
traps. The traps contained 6 M KOH for the collection of 14 CO a . The 
radioactivity in the expired air was collected during the following 
intervals: 0 to 4, 4 to 8, 8 to 24, 24 to 48, 48 to 72, 72 to 96, 96 to 120, 
120 to 144, 144 to 168, 168 to 192, 192 to 216 and 216 to 240 hr after 
the administration of [ U C]2105. The KOH samples were stored in a 
4*C refrigerator until analysis. 

Blood. Single blood samples (approximately 50-100 fi\ each) were 
obtained by retro-orbital puncture from two animals at each of the 
following time points: 0.5, 1.5, 3, 6, 12, 36, 56, 80, 104 and 128 hr. 
Capillary tubes containing blood were stored on ice until the blood was 



phosphorothioate oligodeoxynucleotides in animals. The phar- 
macokinetics of a 20-mer phosphorothioate oligodeoxynucleo- 
tide were determined after single i.v. or i.p. doses of 30 mg/kg. 
The oligonucleotide was labeled at each internucleotide linkage 
with M S. The compound was shown to be bioavailable after i.p. 
administration to have broad peripheral tissue distribution and 
to be cleared primarily by renal excretion. Gel electrophoretic 
analysis demonstrated significant, albeit slow, metabolism in 
the liver, kidney and intestines (Agrawal et aL t 1991). A 27-mer 
phosphorothioate deoxy oligonucleotide labeled with 3B S was 
reported to display biexponential elimination in plasma with 
an elimination half-life in excess of 40 hr after a single i.v. dose 
of 4.8 mg/kg in the rat (Iversen, 1991). 

ISIS 2105 is a phosphorothioate deoxyoligonucleotide that is 
active against human papillomaviruses (Cowsert et aL, 1993). 
It is currently undergoing pivotal Phase II clinical trials for the 
treatment of genital warts. There were two objectives of the 
current study. First, we wanted to develop and evaluate a 
radiolabeling method that results in higher-specific-activity 
oligonucleotides to support more detailed pharmacokinetic 
studies and a more definitive evaluation of metabolism that 
could be used in clinical trials. Second, we sought to perform 
more definitive pharmacokinetic distribution and metabolic 
studies in which metabolites in the plasma, urine and tissues 
were evaluated using HPLC techniques that support more 
quantitative analyses. 

To achieve these objectives, we radiolabeled ISIS 2105 at the 
carbon-2 position of all thymidines. Because thymidine ^ me- 
tabolized into C0 2 , metabolism can be measured by collecting 
expired air. This provides an estimate of the total metabolism 
of the oligonucleotide. Coupled with the extraction of radioac- 
tivity and HPLC analysis, a reasonably precise evaluation of 
metabolism can be achieved. Obviously, a full evaluation of 
metabolism will require the analysis of intermediates between 
the intact oligonucleotide and C0 2 . We also developed HPLC 
methods to evaluate the integrity of the radiolabel in tissues 
and biological fluids. 

Materials and Methods 
ISIS 2105 Synthesis and Purification 

The "C-labeled phosphorothioate ISIS 2105 was chemically synthe- 
sized by using the deoxynucleoaide phosphoramidite approach (Beau- 
cage and Caruthera, 1981; Matteucci and Camthers, 1981). The phos- 
phorothioate linkage waa generated by oxidizing with 3 H-l,2-benzodi- 
tbiole-3-one-l,l -dioxide (Iyer et aL, 1990) instead of aqueous iodine. 
All reagents and materials for the solid-phase synthesis of DNA were 
purchased from commercial sources with the exception of the "C- 
thymidine phosphoramidite. The M C-labeled phosphoramidite synthon 
waa generated from "C -thymidine ("C at the carbon-2 position of the 
thymine ring (specific activity, -56.3 mCi/mmol, Sigma, St. Louis, 
MO) as described elsewhere (D. Dellinger and H. Sasmor, manuscript 
in preparation). 

The crude synthetic oligonucleotide was purified by trityl-on reverse- 
phase HPLC by using a methanol gradient in a 0.25 M sodium acetate 
mobile phase buffer. The HPLC product was acid deprotected and 
recovered by ethanol precipitation as the sodium salt. The final product 
was analyzed by using electrophoresis with 20% denaturing polyacryl- 
amide gels and the full length integrity (88% full length material) and 
the radiochemical purity (88% of counts per minute in the full length 
product) was determined by laser scanning densitometry and quanti- 
tative phosphorimaging (Molecular Dynamics, Foster City, CA), re- 
spectively. The specific activity of the final product was -2.0 x 10 a 
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oliqiioted into combustion cones. Two animals were sacrificed at the 
following time points: 1, 2, 4, 8, 24, 48 ( 72, 96, 120 and 144 hr after 
dosing. At sacrifice, the animals were anesthetized with CO a and the 
blood (5 ml) was recovered by cardiac puncture and transferred into 
heparinired Vacutainer tubes (Becton Dickinson, Rutherford, NJ). The 
plasma was obtained from the blood by centrifugation and kept on ice 
before storage at -20'C. Animals were sacrificed by exsanguination. 

Tissue. At the time of sacrifice, the liver, kidneys, spleen, lungs, 
brain, eyes, bone (femur), skeletal muscle (representative sample), 
ovaries, uterus, representative dorsal skin and carcass were collected 
and immediately frozen on dry ice and stored in a -20' C freezer. 

Analytical Procedures 

All determinations of total radioactivity in the tissues, excreta and 
blood were made with a Beckman LS 6000 scintillation system (Fuller- 
ton, CA). 

The weight of the urine was determined. The radioactivity in dupli- 
cate samples of urine, plasma and cage rinse was determined in Scint- 
A XF (Packard Instrument, DownerB Grove, IL). The radioactivity in 
duplicate samples of KOH was determined in modified Bray's solution 
(Nomeir et aL t 1992). Feces were weighed and homogenized with 
distilled water (20% w/w) with a Brinkmann Polytron homogenizer 
(Lucerne, Switzerland). 

The liver, lung, brain and spleen samples were weighed and finely 
minced before combustion. The skeletal muscle (representative sam- 
ple), blood, uterus, eyes and ovaries were weighed but not pretreated 
before combustion. The bone marrow was removed from bone and 
weighed before combustion. The renal medulla and cortex were excised 
from the kidneys and aliquots were weighed before combustion. The 
carcasses from the animals that were used to determine mass balance 
and the skin (representative sample) were weighed, powdered on dry 
ice with a Waring (New Hartford, CT) blender and homogenized with 
distilled water (33% w/w) with a Brinkmann Polytron homogenizer. 

Duplicate samples (total sample size allowing) of fecal homogenates, 
tissue minces and whole tissues were aliquoted and then underwent 
combustion with a Packard Tricarb oxidizer, model 307. The U C 
radioactivity was trapped in Carbosorb II (Packard Instrument). The 
recovery of the combustion system was determined on a daily basis and 
ranged from 97% to 100%. 

Extraction of tissue radioactivity. To approximately 1 g of liver, 
0.5 ml of extraction buffer (0.5% NP-40, 20 mM Tris HC1, pH 8.0, 20 
mM EDTA, 100 mM NaCl and 2 mg/ml of proteinase K) was added 
and the tissue was homogenized using a Bess man tissue pulverizer 
(Spectrum, Houston, TX) followed by using the A pestle of a 7-mi 
Dounce-type tissue grinder (Wheaton, Millville, NJ). One kidney from 
each animal was disBected into the cortex and medullar regions. We 
combined 0.1 to 0.2 g with 0.25 ml of extraction buffer and homogenized 
it in a 1-ml Dounce-type tissue grinder (Wheaton) by using the A 
pestle. All aamples were then incubated at 65' C for 24 hr, followed by 
centrifugation at 16,000 x g at 4*C for 15 min. The supernatants were 
removed and stored frozen at -70*C until analysis. 

All samples were filtered through an Ultrafree-MC 0.22-^m filter 
(Millipore, Bedford, MA) at 4*C. Before analysis, the liver and kidney 
samples were thawed and unlabeled ISIS 2105 was added to a final 
concentration of 100 /iM. The plasma samples were thawed at room 
temperature and immediately analyzed. 

HPLC. SAX-HPLC was used to determine the metabolic profile of 
the plasma and urine and hepatic and renal tissues. Ion-exchange 
analyses were carried out using a Beckman System Gold liquid chro- 
matography system with model 126 pumps, model 507 autoinjector, 
and model 166 detector. We analyzed 40 m1 of each sample of plasma 
and urine, or of liver or kidney homogenate, at 260 nm on a 4.6 x 100- 
mm Gen Pak Fax column (Waters, Milford, MA) by using the following 
buffers and gradient: buffer A, 0.086 M Tris HC1, pH 8.0, 20% metha- 
nol; buffer B, 0.086 M Tris HCl, pH 8.0, 1.5 M NaBR; gradient, 0% B 
isocratic for 5 min and then linear to 60% B over 45 min at a flow of 
0.5 ml/min. Fractions (0.5 ml) were collected and added to 5 ml of 
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Readysafe scintillation cocktail (Beckman) and then counted in a 
Beckman model LS6000IC scintillation counter. 

The plasma samples were also analyzed by SE-HPLC by using a 
Hewlett-Packard (Pasadena, CA) model 1090 M liquid chromatography 
system and a 7.8 x 300 -mm TSK-gel G2000 SWXL column (Tosohaas, 
Montgomeryville, PA). The analyses were carried out in 0.05 M 
Na 3 HP0 4l 0.1 M Na,SO« and 0.05 M NaH 2 PO«, pH 7.0, at a flow of 
0.45 ml/min. On-line radiochemical detection was accomplished with 
a Radiomatic FLO-ONE/beta model A-525A detector (Packard Instru- 
ments, Meriden, CT). The scintillation cocktail, Ultimate-Flo-V, was 
purchased from Packard Instruments and was used at a flow rate of 
0.9 ml/min. 

Calculations 

The concentrations of radioactivity in the samples processed by 
combustion were corrected for the recovery efficiency of the combustion 
system, which was determined daily before the combustion of experi- 
mental samples. The observed radioactivity values were converted to 
compound radioequivalent concentrations. The radioequivalents were 
defined as the amount of parent compound, at the specific activity as 
administered, that would result in the observed disintegrations per 
minute value. Compound equivalents in a biological sample were de- 
termined by dividing the disintegrations per minute in the sample by 
the specific activity of the compound in disintegrations per minute per 
microgram. The compound equivalents were expressed in micrograms 
per gram of tissue and, when possible, as a percentage of the adminis- 
tered dose/organ or tissue. For the purpose of calculating a mean ± 
S.D., the tissue samples in which the radioactivity was less than twice 
the background for the system, the equivalents were less than 0.005 
microgram equivalents per gram or the radioactivity was less than 
0.005% of the dose were considered to have a value of zero. 

The radioactivity in urine, feces, volatile traps and cage rinse was 
expressed as a percentage of the administered dose for each time 
interval and as a cumulative percentage. For the purposes of calculating 
a mean ± S.D., urine, feces, expired air and cage wash samples in which 
the radioactivity was less than twice the background for the system or 
the radioactivity was less than 0.05% of the dose were considered to 
have a value of zero. 

Pharmacokinetic parameters for the ISIS 2105 equivalents in blood 
and plasma were calculated by polyexponential curve fitting of the 
observed concentrations, using the RSTRIP, Polyexponential Curve 
Fitting Program, Version 4.02 (Micromath Scientific Software, Salt 
Lake City, UT). The areas under the concentration-time curve and the 
terminal elimination half-lives for tissues were calculated by using 
noncompartmental analysis of the observed data (Shumaker, 1986). 

Results 

Percentage of the Dose of [ 14 C]2105 in Tissues 

The percentage of the dose in the tissues at intervals after 
the single-dose administration is summarized in table 1. The 
maximal percentage of the dose in the liver (23%) was observed 
4 hr after dosing. The maximal percentages in the renal cortex 
(14%) and renal medulla (3%) were observed at 4 and 8 hr after 
dosing, respectively. At 240 hr after a single i.v. administration, 
a significant portion of the radioactivity remained in the tis- 
sues. The highest percentage of the dose was observed in the 
renal cortex (4%), followed by the skin and bone marrow (3% 
each). A lesser percentage was observed in the liver (2%). All 
other tissues contained less than 1% of the dose. The total 
percentage of the dose recovered in the tissues and carcass at 
240 hr was approximately 20% (table 2). 

Urinary Excretion of [ 14 C]2105-Derived Radioactivity 

The mean cumulative percent of ["C]2105-derived radioac- 
tivity excreted in the urine is summarized in figure 1. The 
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TABLE 1 

3B P SS^S° ° f d °*° ln ******* 01 ,emale Spraguo-Dawioy rats et intervals attar a single Lv. administration of ["032105 at a dose of 

J£i> ^ ^ bo^ — 

MocUa* Cortex* Musde* Marrow* ^ 



* ftacttm or £tara(%) 

1 16 1 7 19 7o 

8 13 

10 12 

12 8 
1 14 g 

13 2 
10 11 

8 8 

8 4 

5 6 

3 3 



2 20 1 10 — ' 7 

4 23 2 14 — 5 

8 19 3 12 — 2 

14 14 1 13 — 1 

48 10 2 10 — 2 

72 8 2 10 

96 6 1 6 

120 4 1 7 

144 3 1 6 

240' 2 — 4 



I Ttosuwamaining * 1% <^J^ J™****- Brain, spteen. ovaries, uterus and eyes contained < 1% dose at any given time * — 

I V? P ercenta 9 es wefB calculated by assuming that bone marrow - 3% of the total body weight (Baker et a! 1979) 
f ^^^t ™ j lvera9e data from two animals except for time 240 hr, which is the mean data from five animate 
contarrtBd < 1 % or dose. 



TABLE 2 

SSJLU^'aSt ™ di ° aCti, " tY ,r0m " m " >B SP^B^Dawley rat. 240 hr after a alngkt i.v. administration of [«C]2106 at a doae of 



Sample 






ArimaJNa 






Mean±&D. 


2921 


2822 


2323 


2924 


2925 








Dose recovered (%) 








Urine 
Feces 
Expired air 
Tissues 
Cage wash 
Total 


17.5 
4.5 

51.8 

18.1 
3.8 

95.7 


16.2 
4.2 

51.6 

21.6 
4.0 

97.6 


15.3 
4.3 
58.1 
18.3 
4.8 
100.8 


15.0 
5.9 

50.4 

22.9 
5.0 

99.2 


11.5 
4.1 

43.7 

20.5 
2.3 

82.1 


15.1 ±2.2 
4.6 ± 0.7 

51.1 ±5.1 

20.3. ±2.2 
4.0 ± 1.1 

95.1 ± 7.5 



percentage of [ l4 C]2105-derived radioactivity excreted by the 
urinary route was 15.1 ± 2.2%, primarily within the first 72 hr. 
The urinary excretion rate resulted in an elimination half-life 
of 55 hr (table 3). 

Fecal Excretion of [ 14 C]2105-Derived Radioactivity 

The mean cumulative percent of [ l4 Cl2105-derived radioac- 
tivity eliminated in the feces is summarized in figure 1. The 
percentage of [ 14 Cj2105-derived radioactivity excreted in the 
feces was 4.6 ± 0.7%, primarily within the first 96 hr. 

Excretion of [ M C]21 OS-Derived Radioactivity in Expired Air 

The excretion of [ 14 C]2105-derived radioactivity in expired 
air is illustrated in figure 1. The majority of the i.v. dose of 
[ 14 C]2105 (51.1 ± 5.1% of the dose) was eliminated by expired 
air, primarily within the first 96 hr. The expiration rate of [ 14 C] 
2105-derived radioactivity resulted in an elimination half-life 
of60hr (table 3). 

Total Recovery of [ 14 C] 2 105- Derived Radioactivity 

The total recovery of [ 14 C12105-derived radioactivity after a 
single i.v. dose of [ 14 C]2105 at 3.6 mgAg is summarized in table 
2. The majority (51%) was recovered in the expired air. A 
smaller percentage was recovered in the urine (15%) and in the 
feces (4.6%). The remaining radioactivity was recovered in the 
tissues and carcass (20%) and the cage wash (4%). Overall 



recoveries ranged from 82% to 101% with a mean for the five 
animals of 95.1 ± 7.5%. 

Pharmacokinetics of ISIS 2105 Equivalents in Blood and 
Tissues 

The pharmacokinetic data analysis is based on microgram 
equivalents of ISIS 2105 present in the matrices. As such, the 
data describe the pharmacokinetic behavior of ISIS 2105-re- 
lated radioactivity and not necessarily unchanged parent ISIS 
2105. 

Pharmacokinetics in blood. After i.v. adimnistration, a 
peak blood radioactivity concentration of 17.2 ng equivalents/ 
g was achieved. The concentration versus time profile in the 
blood is shown in figure 2, along with the fitted polyexponential 
curve used to calculate pharmacokinetic parameters. The blood 
radioactivity versus time profile was polyexponential, with four 
phases (table 3). The initial phase had a half-life of 0.4 hr and 
the terminal elimination phase had a half-life of 51 hr. The 
plasma data paralleled the blood elimination profile but the 
terminal elimination half-life was 40 hr (data not shown). At 
each of the corresponding time points, all or most of the 
radioactivity was associated with plasma and not with formed 
elements of blood. These data strongly suggest no binding or 
distribution of ISIS 2105 on or in the red blood cells. As would 
be expected from the long terminal half-life, the apparent blood 
clearance after i.v. administration was low, i.e., 14.7 ml/hr 
(table 3). 
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Fig. 1. Mean (± S.D., n = 4) cumulative percentage of the dose eliminated 
as U CC>2 <•), in urine (A) and in feces (♦) of female Sprague-Oawley rats 
after i.v. administration of [ 14 C]2105 at a dose of 3.6 mg/kg. 

The initial volume of distribution was 22.0 ml and the post- 
distribution volume of distribution was 1076 ml, which indi- 
cates extensive partitioning into the tissues. 

Pharmacokinetics of tissue radioactivity. The tissue 
radioactivity concentrations were highest in the liver, kidney, 
spleen and bone marrow (table 1). The elimination half-life 
from the liver was 62 hr, which approximated that seen in the 
blood. The elimination half -life was prolonged in the kidney, 
with observed values of 112 hr in the cortex and 156 hr in the 
medulla, The elimination half-life of radioactivity from the 
bone marrow was 78 hr (table 3). 

The areas under the concentration versus time curves for the 
tissues (bone marrow, Uver, spleen and kidney) were calculated 
to gauge a relative drug exposure level after i.v. administration 
of [ 14 C]2105. For these four tissues, comparisons were made per 
gram of tissue and not adjusted for the total organ weights. Of 
these tissues, the liver and spleen received the lowest exposure, 
with AUC(o->s of 1158 and 1618 Mg equivalents-hr/g, respec- 



tively. The kidney medulla received 5.6 times the liver exposure 
or 6497 Mg equivalents-hr/g. The kidney cortex received the 
highest exposure, 15688 ng equivalents-hr/g, approximately 2.4 
times the medulla and 13.5 times the liver exposure. The bone 
marrow exposure was approximately 2 times the liver exposure, 
with an AUC of 2526 ng equivalents-hr/g. These AUCs were 
much higher than the blood AUC; this again suggested signifi- 
cant partitioning of ISIS 2105 equivalents into the tissues. 

Characterization of Plasma, Tissue and Urinary 
Radioactivity 

Plasma radioactivity was present in two peaks as assessed by 
SE-HPLC (fig. 3). The majority of the radioactivity eluted with 
a retention time that was the same as that of the known 
complex formed between purified rat albumin and [ W C]2105 
(approximately 18 min). A smaller proportion of the plasma 
radioactivity eluted with a retention time that was the same as 
that of the known complex formed between purified human a 2 - 
macroglobulin and [ M C]2105 (approximately, 15 min). Little or 
no radioactivity eluted with a retention time of authentic [ U C] 
2105 (approximately 23 min). Preliminary studies (Cossum et 
ai., manuscript in preparation) demonstrated that the affinity 
of ISIS 2105 for albumin and a 2 -macroglobulin was in the 
micromolar range and that binding to both proteins was satu- 
rated when ISIS 2105 concentrations exceeded 5 to 10 fiM. 

To determine the integrity of ISIS 2105, plasma was applied 
directly to SAX-HPLC. The buffer in that system results in 
the extraction of radioactivity from plasma proteins. When a 
tissue pulverizer step was included, the total recovery of the 
radioactivity was approximately 60%. If only simple homoge- 
nization with a Dounce homogenizer was used, only approxi- 
mately 30% of the total radioactivity was recovered. However, 
a comparison of the samples by HPLC revealed no differences; 
thus, both methods probably extract representative samples 
from the tissues. When plasma sampled from rats for up to 8 
hr postdosing was subjected to SAX-HPLC, the majority of the 
radioactivity eluted with authentic ["C]2105 (fig. 4). The ra- 
dioactivity in peaks eluting earlier than authentic [ l4 C]2105 
were, presumably, shorter metabolites of [ l4 C]2105. At the 8-hr 
time point, approximately 38% of the radioactivity represented 
intact ISIS 2105. A determination of the proportion of intact 
ISIS 2105 in the plasma obtained after 8 hr (Le., > 24 hr) was 
not possible because of the low levels of radioactivity in those 
samples. 

Figures 5 and 6 show anion-exchange radiochromatograms 
of extracts of hepatic and renal cortex tissues, respectively, 
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Pharmacokinetic parameters of ISIS 2105 equivalents after a single i.v. 


administration of ["C]2105 at a dose of 3.6 mg/kg 




Sample 


AUC 


Distribution 
Th 


Terminal 
T* 






Apparent 
Clearance 


V/ 






tig equivalents- 


ht 


hr 


fig equivalents jg 


hr 


mlfhr 


ml 


mi 


Blood 


52 


7.1 


51 


17.2 


0.5 


14.7 


22.0 


1076 


Urine 






55 












Expired air 






60 












Uver 


1158 




62 


19.0 


4 








Renal medulla 


6497 




156 


42.7 


8 








Renal cortex 


15.688 




112 


87.4 


4 








Spleen 


1618 




163 


10.6 


1 








Bone marrow 


2526 




78 


18.1 


24 









" Initial volume of distribution. 

" Postdistrtbutlon volume of distribution. 
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Fig. 2. Concentration of ISIS 2105 equivalents in the blood of femaJe 
Sprague-Dawtey rats after i.v. administration of f 4 C]2105 at a dose of 
3.6 mg/kg. Each point represents the average of the values for two 
animals. The dashed line represents the line of best fit estimated from 
the four-compartment model. 




Fig. 3. SE-HPLC radiochromatograms of plasma sampled from female 
Spi^ue-Dawley rats at various times after i.v. administration of [ 14 C] 
2105 1 at a dose of 3.6 mg/kg. The control peak represents [ 14 C]2105 
that has a retention time of approximately 23 min. The plasma samples 
from dosed rats contained radioactive peaks eluting at approximately 15 
min and approximately 18 min. 7 

sampled at various times after the administration of [ 14 C]2105. 
The proportion of apparently unchanged [ 14 C]2105 decreased 
with tune. The proportion of radioactivity present as apparently 
intact [ C]2105 varied between the liver and kidney; [ 14 C]2105 
was more stable in the kidney than in the liver. After 24 hr 
approximately 15% of the radioactivity extracted from the liver 
represented intact ISIS 2105 and only trace levels of intact 
~Z Jr 2 }°? WGre present at 43 hr - fi y contrast, even after 96 hr 
48% of the radioactivity extracted from the kidney represented 
intact ISIS 2105. 

Figure 7 shows anion-exchange radiochromatograms of urine 
sampled for up to 96 hr postdosing. Little or no radioactivity 
eluted with the same retention time as authentic [ 14 C]2105 at 
any sampling time. 

Discussion 

The radioactivity in the blood was located almost entirely in 
the plasma for 3 to 4 days after dosing. Only low levels of 
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radiolabel were detected associated with the cellular compo- 
nents of the blood. The radioactivity in the plasma was asso- 
ciated with albumin and a 2 -macroglobulin; only a trace of free 
[ 14 C]2105 was detectable in the plasma. Preliminary data sug- 
gest that ISIS 2105 binds to these proteins with a relatively 
low affinity and that binding is clearly saturable (Cossum et 
aL, manuscript in preparation). The radioactivity bound to 
those plasma proteins represented mostly intact [ 14 C]2105. 
However, the levels of radioactivity in plasma were insufficient 
to determine the integrity of the drug at times beyond 8 hr 
postdosing. 

There was a rapid and substantial distribution of radioactiv- 
ity from the blood into the tissues. The initial volume of 
distribution of 22.0 ml approximates the blood volume of the 
rats used in this study. The postdistribution volume of distri- 
bution was 1076 ml, a value that indicated the distribution of 
radioactivity into a "deep" compartment. A four-compartment 
model fit the data best (Le., r 2 0.998 vs. 0.823 for a two- 
compartment model). However, in other studies we have per- 
formed, a two-compartment model fit the data best. Conse- 
quently, we think the complexity of the model most likely 
results from minor ariimal-to-animal variations and the fact 
that radioequivalents were considered rather than intact drug. 
In future studies, we will attempt to address this issue in more 
detail. In any event, the elimination half-life was prolonged 
and examination of intact drug levels suggested a relatively 
prolonged elimination half-life for the intact drug and radio- 
equivalents. The primary organs of accumulation of radioactiv- 
ity were the liver, kidneys (particularly the renal cortex), bone 
marrow and spleen. The kinetics of distribution of the radio- 
label into the peripheral organs varied. Peak levels were 
achieved in the liver and kidney 4 hr after the dose. By contrast, 
peak levels in the skeletal muscle were observed 1 hr after the 
dose and peak levels in the bone marrow were not achieved 
until 24 hr postdose. Skin accumulated a surprising amount of 
radiolabel, with peak levels that occurred 2 to 4 hours after 
administration. 

nJ? at the radioactivit y in various organs represented intact 
[ C]2105 and metabolites was demonstrated by extraction 
followed by SAX-HPLC. Although its metabolism in the liver 
was extensive, the rate of metabolism was relatively slow. 
Twenty-four hours postdosing, approximately 15% of the total 
hepatic radioactivity was present as intact [ U C]2105. The me- 
tabolism in the kidney was minimum because intact drug was 
present even 96 hr postdosing. The extensive metabolism in 
the liver, coupled with the lack of metabolites found in the 
kidney and complete absence of intact drug in the urine, sug- 
gested that, after the initial distribution, only limited redistri- 
bution between the liver and kidney (and presumably other 
organs) occurred. 

In this study, l4 C-labeled ISIS 2105 was synthesized using 
C-labeled thymidine labeled at the carbon-2 position of thy- 
mine. The fate of thymidine is either through utilization into 
DNA or degradation to thymine (Henderson and Patterson, 
1973). In mammals, the carbon-2 position carbon of thymine 
is degraded to C0 2 and so production of "CO, would be expected 
when thymine is labeled at that carbon (Henderson and Pat- 
terson, 1973). Thymine could have been generated from ISIS 
2105 in vivo in at least two ways. The putative metabolic scheme 
would involve hydrolysis of the phosphorothioate backbone, 
which eventually would generate thymidine. Subsequently, thy- 
midine phosphorylase could dethiophosphorylate the thymi- 
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dine or the thiophosphate might be oxidized first and the 
phosphorylase then would release phosphate. Thymine could 
then be further metabolized to C0 2 . Thymidine phosphorylase 
is a cytoplasmic enzyme with highest activity in the intestinal 
mucosa, liver, bone marrow, kidney and spleen (Friedkin and 
Roberts, 1954). Consequently, the limited amounts of degra- 
dation products in the kidney suggest that the rate-limiting 
step in the pathway is hydrolysis. This is consistent also with 
the slow overall metabolism observed. In this regard, it is 
important also to recognize that approximately 2.4% of the 
internucleotide linkages in [ 14 C]2105 were phosphate resulting 
from the oxidation of the phosphorothioate during synthesis. 
This is greater than the routine specification for unlabeled ISIS 



2105 (0.6%) and could account for a slightly greater hydrolytic 
rate of radiolabeled ISIS 2105. 

Alternatively, it is possible that thymine was removed from 
[ U C]2105 by a glycosidic bond cleavage without prior hydrolysis 
of the internucleotide linkage. DNA glycosylases are nuclear 
enzymes that remove purines or pyrimidines from DNA as part 
of repair mechanisms. The resulting apurinic or apyrimidinic 
site in the oligonucleotide would be expected to be susceptible 
to endonuclease action (Warner, 1983). Further studies are 
required to elucidate the mechanism(s) of ISIS 2105 degrada- 
tion. 

The principal, albeit slow, mechanism of clearance of ISIS 
2105 in rats is metabolism. Of the total dose, in excess of 50% 
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Fig. 6. SAX-HPLC radiochromatograms of extracts of renal 
cortex sampled from female Sprague-Dawtey rats at various 
times after i.v. administration of [ ,4 C]2105 at a dose of 3 6 
mg/kg. Authentic [ 14 C]2105 eJutes at approximately 43 min 




Rg. 7. SAX-HPLC radiochromatograms of urine sam- 
pted from female Sprague-Dawley rats at various times 
after i.v. administration of f 4 C]21 05 at a dose of 3 6 mg/ 
kg. Authentic [ ,4 CJ2105 elutes at approximately 43 mSx 



was recovered in expired air. Only metabolites were found in 
the urine and urinary excretion accounted for only 15% of the 
total dose There was no evidence of significant biliary secretion 
or hepatobiliary recirculation. 

Although the results of this study and the study of Agrawal 
et aL (1991) were similar, there were several important differ- 
ences. A^-awal et al. (1991) did not report on plasma protein 
binding. ISIS 2105, and every other phosphorothioate oligo- 
nucleotide we have studied, binds extensively to plasma pro- 
teins The binding is low affinity and high capacity, which is 
traditionally associated with many other classes of drugs and 



their interaction with plasma proteins. We consider this to be 
one of the principal reasons that phosphorothioate oligonucle- 
otides are not cleared rapidly by renal filtration. At the 30-mg/ 
kg dose used by Agrawal et al. (1991), we would expect the 
plasma protein binding to be saturated and, therefore, to result 

^^ lgn AL Carit leVelS ° f free in the P Iasma ' Approximately 
30% of the i.v. or i.p. dose of radioactivity after dosing with the 
fa-labeled oligonucleotide was recovered in the urine by 24 hr 
postdosing and gel electrophoresis of the urine indicated the 
presence of intact drug. At early times (0-6 hr) after i.v. dosing, 
95% of the urinary radioactivity coeluted with intact drug and, 
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up to 24 hr postdosing, only 15% degradation was noted. The 
urine of mice dosed i.p. contained material that was only 10% 
intact parent drug at 24 hr postdosing. At no time did we 
observe intact drug in the urine. 

Two preliminary reports of studies on an anti-rey 27-mer 
phosphorothioate oligodeoxy nucleotide have been presented 
(Bigelow et ai, 1991; Bigelow et ai., 1992). In these studies, the 
drug was given by a variety of routes (i.v. bolus, i.v. infusion, 
s.c. and p.o.) and concentrations of intact drug were determined 
by HPLC separation and ultraviolet detection. Excellent bio- 
availability from s.c. sites and limited p.o. bioavailability were 
reported. Tissue accumulation similar to our results was re- 
ported. A significantly shorter plasma half-life was reported 
but this was probably the result of the relatively insensitive 
detection methods. We have studied the pharmacokinetics of 
several oligonucleotides after intradermal, i.m., i.p. and intrav- 
itreal administration and articles describing these results are 
in preparation. 

Agrawal et ai (1991) reported that 85% to 90% of the 
radioactivity present in most tissues of mice 48 hr after the 
administration of a 36 S -labeled phosphorothioate oligonucleo- 
tide was associated with intact drug. However, only 50% of the 
radioactivity in the liver and kidneys was associated with the 
parent drug at 48 hr. Only approximately 5% of hepatic radio- 
activity was present as apparently unchanged [ l4 C]2l05. By 
contrast, the majority of renal cortex radioactivity in 96-hr 
samples e luted with authentic [ 14 C]2105. Larger molecular 
weight bands were found when tissue extracts were analyzed 
by polyacrylamide gel electrophoresis in the study of Agrawal 
et aL (1991). They speculated that the radioactivity might 
represent longer oligonucleotides. We did not observe any 
evidence of these species. An alternative explanation for these 
observations might be that the material represented drug bound 
to a 2 -macroglobulin, a protein which is found in mice (LaMarre 
et ai, 1991). 

All these differences might be explained by variations be- 
tween species or differences caused by different sequences. 
Moreover, Iverson (1991) reported that, at lower doses, an anti- 
rev oligonucleotide was excreted intact in urine, which further 
suggests that there may be sequence differences. However, in 
studies in our laboratories, we have not observed such signifi- 
cant differences as a function of species or the specific sequence 
of the drug. Additional studies are clearly indicated. 

In summary, after i.v. administration of [ U C]2105 to rats, 
the tissue distribution of radioactivity was extensive and the 
radioactivity was eliminated slowly. Although the drug was 
apparently extensively metabolized, the available evidence 
shows that the rate of metabolism was relatively slow. Meta- 
bolic studies were facilitated by synthesizing an oligonucleotide 
containing 14 C-labeled thymidine. Circulating radioactivity was 
extensively bound to plasma proteins, a phenomenon that may 
retard the renal filtration of unchanged drug. Finally, we ob- 
served binding of ISIS 2105 to a 2 -macroglobulin. In addition 
to providing a plasma reservoir of ISIS 2105, binding to a 2 - 
macroglobulin could be important in the pharmacokinetics of 
ISIS 2105 because this protein has been shown to be taken up 
by various cells through a receptor -mediated mechanism 
(James, 1990). 
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